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EXECUTIVE  SUMMARY 

The  aquatic  chemistries  of  18  lakes  and  ponds,  and  23  first-  and 
second-order  streams  at  Acadia  National  Park  (ANP)  were  studied  during 
1982-1984  to  ascertain  present  chemical  status  and  to  estimate 
potential  Impacts  of  acidic  deposition.  ANP  Is  situated  primarily  on 
blotlte  and  hornblende  granites.  Topography  Is  steep  to  moderate,  and 
the  soils  are  thin  and  poorly  buffered,  or  non-existent,  except  on  the 
valley  floors.  The  mean  weighted  pH  of  precipitation  Is  about  4.4, 
with  wet  sulfate  (S04  )  deposition  of  15-20  kg/ha/year.  This 
deposition  of  both  hydrogen  Ion  and  SO 4  Is  In  excess  of  the  amount 
thought  to  produce  effects  In  other  regions  of  the  world  receiving 
acidic  precipitation.  The  lakes  are  poorly  buffered,  have  low 
specific  conductance,  and  are  very  clear  waters;  these  three  factors 
generally  Indicate  that  a  lake  Is  sensitive  to  the  effects  of  acidic 
precipitation. 

Surveys  performed  during  baseflow  yielded  mean  pH  of  6.39,  6.48, 
and  5.93,  for  the  lakes,  second-order  streams  (SOS),  and  first-order 
brooks  (FOB),  respectively;  alkallnltles  were  61,  140,  and  56  ueq/l. 
The  only  previous  data  was  for  seven  of  the  largest  lakes  at  ANP, 
which  show  no  significant  change  In  pH  since  the  1940's.  Currently, 
the  only  •acidic'  site  Is  the  smallest,  highest  elevation  pond  on  the 
Island,  Sargent  Mountain  Pond  (SMP;  mean  pH  4.58).  During  snow-melt  In 
mid-March  of  both  1983  and  1984,  mean  pH  was  depressed  to  5.78,  6.01, 
and  5.43  In  the  lakes,  SOS,  and  FOB,  respectively;  corresponding 
alkalinity  values  were  20,  32,  and  10  ueq/l.  Several  Independent 
calculations  estimate  that  40  to  76  percent  of  the  spring  dec  I Ine  In 
alkalinity  Is  due  to  acidification,  presumably  by  strong  acids  related 
to  acidic  precipitation.  Dilution,  rather  than  acidification,  Is 
estimated  to  account  for  24  to  60  percent  of  the  decrease  In 
alkalinity  during  snow-melt.  After  correction  for  sea  salts,  60 
percent  of  the  sites  sampled  are  sulfate- dominated  (S04>  HCO3).  All 
but  two  of  the  bicarbonate  waters  are  In  the  relatively  thick  till 
found  on  the  valley  floors  or  at  relatively  low  elevation,  In  soils 
formed  In  part  from  marine  sediments  deposited  during  deg lac  I at  Ion. 
Similarly,  all  of  the  su I  fate-dominated  waters  are  at  higher 
elevation,  except  for  5  low  elevation,  Clearwater  lakes.  Two-thirds 
of  the  lakes  are  sulfate- dominated.  Including  all  of  the  very  clear 
water  lakes.  Sulfate  concentrations  range  from  values  less  than,  to 
over  three  times  that  currently  found  In  wet  deposition. 

Total  aluminum  concentrations  are  generally  low  (  <  100  ppb) 
although  some  low  elevation  or  humlc  sites  have  total  Al 
concentrations  greater  than  100  ppb.  At  these  sites,  Ion-exchangeable 
(labile)  Al  concentrations  are  less  than  65  ppb.  SMP  and  some  of  the 
FOB  have  higher  total  and  labile  Al,  especially  during  depressed  pH  In 
the  spring,  but  labile  Al  concentrations  are  generally  less  than  100 
ppb,  except  In  SMP  (130-230  ppb  labile  Al).  Total  zinc  and  manganese 
concentrations  are  generally  low  (  <.  10  and  <  20  ppb)  and  show  only 
slight  seasonal  pH  dependent  changes.  The  highest  values  for  both 
trace  metals  were  observed  during  low  baseflow  conditions  In  the  sum- 
mer and  fal I . 

The  sensitivity  of  ANP  surface  waters  to  acidification  Is 
Indicated  by  low  alkallnltles,  and  by  high  calclte  saturation  Indices 
(CSI)  which  are  all  in  the  'sensitive'  range  (CSI  >  3).  Based  on  both 
parameters,  and  on  data  from  other  surveys,  ANP  waters  are  more 


sensitive  than  the  New  England  regional  norm.  Application  of 
empirical  models  adapted  from  Henrlksen  Indicate  that  alkalinity  loss 
at  some  upland,  first-order  sites  may  have  been  as  great  as  50 
percent,  although  these  sites  are  predicted  to  have  had  very  low 
alkal Inltles.  If  these  changes  In  alkalinity  are  due  to  acidic 
precipitation,  they  have  occurred  since  the  onset  of  acidic  pre- 
cipitation over  the  past  century.  Alternatively,  these  Inferred  dec- 
I  fnes  may  be  artifacts  of  normal  soil  processes  occurring  In  thin, 
naturally  acidic  soils.  Several  surface  waters  have  modern  alkalinity 
values  equal  to  or  greater  than  the  reconstructed  historical 
alkalinity.  These  sites  are  all  In  terrain  with  thick  overburden,  or 
at  low  elevation.  Except  for  the  FOB,  which  may  have  had  pH  declines 
of  up  to  0.8  pH  units,  and  SMP  (up  to  1.2  pH  unit  decline),  pH  has 
apparently  not  changed  significantly,  based  on  Inferred  past  water 
chemistry.  The  apparent  pH  depressions  may  be  due  to  natural 
processes  or  to  acidic  deposition.  There  Is  no  relationship  between 
pH  and  sulfate,  although  the  ratio  of  SO4  to  the  sum  of  anions 
Indicates  that  the  sulfate  concentration  Is  a  factor  In  the  pH  and 
alkalinity  status  of  each  site.  High  relative  sulfate  concentrations, 
presumably  related  to  acidic  deposition,  are  found  In  low  pH  and  low 
alkal In Ity  waters. 

The  sediment  chemistry  records  from  SMP,  The  Bowl,  and  Long  Pond 
(Isle  au  Haut)  Indicate  that  anthropogenic  trace  metals  (Pb,  Zn,  Cu) 
have  been  deposited  Into  ANP  lake  sediments  for  at  least  100  years. 
These  data  suggest  that  the  Inferred  effects  of  acidic  deposition  have 
occurred  at  least  over  this  time  span.  Calcium  accumulation  rates  In 
sediments  began  declining  In  SMP  and  The  Bowl  In  the  mid-  to  late 
1800* s,  possibly  Indicative  of  the  sensitivity  and  response  of  these 
sites  to  acidic  precipitation.  In  contrast,  Ca  deposition  remained 
nearly  constant  at  Long  Pond  until  approximately  20  years  ago,  when 
the  rate  began  to  dec  I Ine. 

This  study  Indicates  the  existence  of  surface  waters  at  ANP  that 
are  very  sensitive  to  acidic  precipitation.  Sargent  Mountain  Pond  Is 
the  only  acidic  site,  although  Indirect  evidence  suggests  that  It  has 
been  acidic  for  over  200  years.  A  number  of  small  brooks  have  lower 
modern  pH  and  alkalinity  than  chemical  modelling  predicts  should  have 
existed  previously.  Compared  to  the  results  of  other  surveys  In  New 
England  and  the  Adlrondacks,  the  pH  and  alkalinity  distribution  of  ANP 
waters  are  typical  of  the  region,  with  acidic  waters  generally 
restricted  to  small,  high  elevation  sites.  The  rate  of  change  of 
chemical  parameters  at  ANP,  If  any,  Is  unknown.  Current  trends  cannot 
be  determined  unequivocally  until  future  work  Is  compared  to  this 
base  I Ine  data. 


PROBLEM  STATEMENT 

Acadia  National  Park  Is  largely  situated  on  granitic  bedrock  that 
Is  resistant  to  chemical  weathering.  Except  In  places  at  elevations 
below  approximately  40  meters,  and  In  some  of  the  valley  floors,  the 
soils  are  thin,  and  low  In  acid  neutralizing  capacity.  The  top- 
ography Is  generally  moderate  to  steep,  resulting  In  short  residence 
times  for  soil-  and  groundwaters.  These  factors  cause  the  surface 
waters  at  ANP  to  be  poorly  buffered  and  very  sensitive  to  acidic 


precipitation. 


Although  the  National  Atmospheric  Deposition  Program  (NADP) 
station  at  ANP  has  recorded  an  average  annual  precipitation  pH  of  less 
than  4.5  since  Its  Inception  In  1980,  the  chemical  status  of  the  aq- 
uatic resources  was  largely  unknown  prior  to  1982.  This  study  de- 
termined the  present  status  of  ANP  surface  waters,  thus  establishing  a 
baseline  data  set  to  which  future  studies  can  be  compared.  We  also 
estimated  the  current  Impact  of  acidic  precipitation  using  a 
modification  of  an  existing  chemical  model,  and  evaluated  the  sediment 
chemistry  profiles  for  three  ponds  as  an  aid  In  the  Interpretation  of 
historical  trends. 


PROBLEM  BACKGROUND 

Although  much  uncertainty  exists  regarding  the  historical,  as 
well  as  the  'normal1,  pH  of  precipitation,  observations  worldwide 
suggest  that  aquatic  resources  are  degradated  by  acidification  when 
the  pH  of  precipitation  Is  less  than  4.7.  Although  there  Is  little 
unequivocal  evidence  linking  fish  loss  or  forest  decline  to  acidic 
precipitation  In  North  America,  circumstantial  Indications  are  that 
gradual,  long-term  acidification  may  be  occurring  In  some  sensitive 
systems.  The  pH  4.4  precipitation  at  ANP  represents  a  concentration 
of  hydrogen  ion  twice  that  In  precipitation  of  pH  4.7.  Consequently, 
a  priori  expectations  were  that  at  least  some  of  the  waters  would  show 
evidence  of  acidification. 

Two  previous  studies  had  examined  the  aquatic  chemistries  of 
several  lakes  at  ANP.  A  survey  In  the  1940* s  measured  the  pH  of  7 
lakes.  The  second  study  during  1978-1979  determined  pH  and  cation 
concentrations  In  6  lakes.  The  modern  pH  data  do  not  show  evidence  of 
acidification  relative  to  the  historical  data.  However,  these  studies 
were  performed  as  part  of  larger  surveys,  and  represent  single 
samp  I Ings  for  each  site.  Furthermore,  the  data  are  from  the  largest 
lakes  In  the  park,  lakes  least  likely  to  show  effects  of 
acidification.  With  acidic  precipitation  being  cited  as  a  major 
environmental  threat,  a  need  existed  to  conduct  a  comprehensive 
spatial  and  temporal  chemical  survey  of  the  major  lakes  and  streams, 
as  well  as  to  estimate  the  status  of  the  many  small,  upland 
first-order  brooks. 

In  thts  study,  we  Included  all  lakes  and  ponds  located  completely 
within  park  boundaries,  or  accessible  on  park  land,  and  most  of  the 
larger  streams  In  or  adjacent  to  the  park.  Additionally,  we  chose  The 
Bowl  and  Sargent  Mountain  Pond,  and  the  Canon  Brook,  Upper  Had  lock 
Pond,  and  Eagle  Lake  watersheds  for  more  Intensive  study.  The 
first-order  brooks  In  these  systems  were  expected  to  exhibit  the 
greatest  acidification,  If  any  were  evident,  and  therefore  to  be  of 
Importance  In  the  estimation  of  overall  vulnerability.  Using  the 
modern  water  chemistry,  application  of  empirical  chemical  models 
developed  In  Norway  was  used  to  extrapolate  the  past  chemical  cond- 
ition of  these  waters,  In  lieu  of  extensive  historical  data. 


RESEARCH  RESULTS 


The  surface  waters  of  ANP  are  generally  clear  and  ol Igotrophlc.  A 
few  smaller  ponds  and  low  elevation  second-order  streams  are 
associated  with  wetlands,  and  are  moderately  more  humlc  (Pt-Co  color 
units  20-100),  although  the  maximum  mean  color  for  any  site  was  60 
Pt-Co  units.  Specific  conductances  are  low  (mean  38  ymhos),  In  spite 
of  the  Input  of  marine  aerosols  from  seawater. 

Figures  1  and  2  present  the  pH  and  alkalinity  distributions 
during  baseflow  (summer  and  fall)  conditions  for  the  brooks,  streams 
and  lakes  of  ANP.  While  pH  and  alkalinity  are  temporally  relatively 
constant  for  the  lakes  during  baseflow,  the  chemistries  of  the 
flowages  respond  more  to  precipitation  events.  In  the  spring,  the  pH 
and  alkalinity  are  depressed  at  all  sites,  In  part  In  response  to 
acidic  Inputs  from  melting  snow  (Table  1).  In  general,  the  lowest 
recorded  pH  and  alkallnltles  occurred  In  mid-March  of  both  years. 
However,  freeze-thaw  cycles  occur  repeatedly  during  the  winters  at 
ANP,  making  the  complete  documentation  of  chemical  excursions  very 
difficult.  Recovery  to  baseflow  alkalinity  was  complete  In  10  to  16 
weeks,  although  heavy  rains  resulted  In  substantial  pH  and  alkalinity 
depressions  several  times  during  the  study,  especially  In  the 
first-order  brooks.  The  responses  of  the  first-order  brooks  at  Upper 
Had  lock  Pond  are  typical  of  those  found  at  other  sites  during  the 
study  (Figure  3). 

In  addition  to  low  pH  and/or  alkalinity,  the  calclte  saturation 
Index  (CSI)  Is  an  Indicator  of  sensitivity  to  acidification.  The  CSI 
is  the  negative  logarithm  of  the  degree  of  saturation  of  a  water  with 
respect  to  CaC0  3  .  Sensitive  waters  are  defined  as  having  a  CSI 
greater  than  3.0:  the  larger  the  CSI,  the  greater  the  sensitivity. 
When  applied  to  ANP  waters,  only  11  of  the  536  analyses  for  the  41 
sites  yielded  a  CSI  less  than  3.  All  of  the  mean  CSI  values  were 
above  3:  5.5,  4.9,  and  4.6  for  the  brooks,  lakes,  and  streams  res- 
pectively, with  the  lowest  mean  CSI  being  3.32  (Stanley  Brook).  Based 
on  alkalinity  and  CSI  from  other  studies,  ANP  waters  are  more 
sensitive  than  the  New  England  regional  norm.  In  the  most 
comprehensive  synoptic  survey  of  New  England  to  date,  41  percent  of 
the  waters  sampled  had  alkallnltles  less  than  100  yeq/l,  compared  to 
68  percent  In  this  study.  Similarly,  approximately  70  percent  of  the 
samples  had  CSI  values  less  than  3.0  ( non-sens  It tve),  whereas  all  of 
the  ANP  mean  values  were  greater  than  3.0. 

The  pH  and  alkalinity  depressions  observed  during  different  flow 
regimes  are  a  combination  of  'titration1  by  strong  acids  and  simple 
dilution  by  Increased  volume  of  water.  Using  several  methods  of 
estimating  the  relative  Influences  of  acidification  and  dilution,  we 
estimate  that  spring  loss  of  alkalinity  due  to  reaction  with  strong 
acids  Is  equal  to  or  greater  than  dilution  effects  also  occurring 
during  spring  snow-melt.  The  maximum  estimated  dilution  effect  was  52 
percent  In  the  second-order  streams,  during  spring  1983.  In  contrast, 
loss  of  alkalinity  apparently  due  to  reaction  with  strong  acids 
represented  more  than  70  percent  of  the  decline  In  alkalinity  In  the 
first-order  brooks  during  both  spring  1983  and  1984. 

Many  of  the  waters  at  ANP  are  no  longer  bicarbonate  waters  (HCO  3 


N 
U 
M 
B 

E 
R 


50  - 
140  - 
30 
20 
10 
0 


BROOKS 


Egg  LAKES 
R&&M  STREAKS 


v    —    i — ' 


1 


i 


! 


4,8     5.2     5.4     5.8     5.8     8.0     8.2     8.4     6.8     8.8     7.0     7.2 

PH  MIDPOINT 


Figure  1.   Baseflow  pH  distribution,  1982-1984 
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Figure  2.  Baseflow  alkalinity  distribution,  1982-1984. 


9     * 


p 

H 


7.  OH 


6.5- 


6.0- 


5.5- 


5.0- 


A--. 

^^^ 


1 — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — r 

NOJFMflMJJflSONDJFMflMJJfl 
8   8  8   8 

2  3  3   U 


U(H 


A 
L 
K 
fl 
L 
I 
N 
I 
T 

r 


90- 


40- 


-10- 


i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — r 

NOJFMflMJJflSONDJFMflMJJfl 
8   8  8   8 

2  3  3  U 

DATE 

A  Gilmore         +  Parkman         D  Hadlock         #  Penobscot 


Figure  3.    pH  and  alkalinity   in  the  first-order  brooks   in  the  Upper 

Hadlock  Pond  watershed,   1982-1984.    Alkalinity  data   in  ueq/1 


Table  1.  Mean  pH  and  alkalinity  of  lakes,  streams  and  brooks  for 
selected  sampling  dates  for  the  three  sample  types.  Lake  data  for 
several  dates  are  for  monitored  lakes  only.   Sargent  Mountain  Pond 
Is  excluded  from  lake  means.  Alkalinity  data  are  In  yeq/l. 


Lakes 

(surface) 

Second-order 
streams 

First-order 
brooks 

Date 

PH 

Alk 

PH 

Alk 

pH 

Alk 

Nov. 
1982 

6.35 

58 

6.41 

84 

5.90 

48 

Mid-Mar. 
1983 

5.69 

18 

6.12 

35 

5.66 

15 

July 
1983 

6.44 

63 

6.41 

185 

6.09 

75 

Oct. 
1983 

6.39 

65 

6.42 

198 

5.74 

41 

Feb. 
1984 

5.69 

13 

5.98 

26 

5.48 

8 

Mid-Mar. 
1984 

5.86 

21 

5.96 

28 

5.28 

6 

July 
1984 

6.40 

52 

6.45 

102 

6.06 

63 

Is  less  than  SO4);  waters  In  geologically  similar  regions  of  the  world 
not  receiving  acidic  precipitation  have  bicarbonate  In  excess  of 
sulfate.  All  of  the  SO 4 -dominated  waters  are  above  the  marine 
transgression  limit,  except  for  5  low  elevation  Clearwater  lakes.  All 
of  the  Clearwater  lakes  (Pt-Co  color  <  15)  have  sulfate  In  excess  of 
bicarbonate.  However,  this  SO  4  predominance  does  not  result  In  a 
relationship  between  pH  and  sulfate,  due  to  the  different  sources  and 
pathways  followed  by  the  waters  at  each  site.  Non-marine  sulfate 
concentrations  range  from  less  than,  to  three  times  that  In 
precipitation  (  <  50  to  150  ueq/l;  Figure  4).  This  distribution  Is 
controlled  by  a  number  of  poorly  understood  soil-related  and 
biological  factors  on  the  terrestrtal  landscape,  and  by  redox 
processes  In  wetlands  and  In  sediments. 

The  concentrations  of  the  trace  metals  Mn,  Zn,  and  Al  were 
generally  very  low,  although  seasonal  variations  exist  for  all  three. 
Zinc  and  Mn  are  generally  highest  during  baseflow,  whereas  Al 
concentrations  Increased  In  the  spring.  In  response  to  depressed  pH, 
although  much  of  this  Al  was  present  In  a  non-labile,  probably 
organ  leal  I y-bound  form.  Figure  5  represents  the  total  Al- lab  lie  Al 
relationship  In  the  first-order  brooks  . 
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Figure  4.   Distribution  of  SO4  concentrations,  1982-1984 
Data  in  yeq/1 . 
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Figure  5.   The  relationship  between  pH  and  total   and  ion- 
exchangeable  Al   in  the  first-order  brooks.    Data  in 
PPb. 


In  lieu  of  extensive  historical  data,  we  applied  chemical  models 
modified  from  those  developed  by  A.  Henrlksen  and  R.  Wright  In  Norway 
to  reconstruct  the  past  aquatic  chemistries  of  ANP,  and  to  estimate 
the  Impacts  from  acidic  precipitation.  These  methods  Indicate  that  pH 
may  have  declined  In  the  smallest  brooks,  and  In  SMP  (Figure  6);  some 
loss  of  alkalinity  has  apparently  occurred  at  all  sites  that  are  above 
the  marine  transgression  limit,  but  not  those  found  In  relatively 
thick  tills  or  marine  sediments  (Figure  7;  Table  2).  Some  sites  may 
have  lost  as  much  as  50  percent  of  their  alkalinity,  compared  to 
Inferred  historical  chemistry,  although  the  absolute  magnitudes  of 
these  losses  are  generally  not  great  due  to  the  very  low  alkallnltles 
Inherent  In  these  waters.  An  Independent  estimate  of  pH  changes 
utilizing  sediment  diatom  populations  Indicates  that  SMP  has  been 
acidic  (pH  <  5)  for  over  200  years  due  to  natural  processes. 
Similarly,  natural  acidity  cannot  be  ruled  out  as  a  factor  In  the 
chemistry  of  some  of  the  first-order  brooks. 


Table  2.  The  relationship  between  current  and  Inferred  past  pH  and 
alkalinity  for  the  major  sample  types  by  date,  based  on  a  modifica- 
tion of  the  Henrlksen  model.  Sargent  Mountain  Pond  Is  not  Included 
In  the  lake  means.  Alkalinity  data  are  In  ueq/l. 


Lakes  (surface) 

Second-order 

streams 

First-order 

brooks 

Date 

Current 
pH/alk 

past 
pH/alk 

Current 
pH/a 1 k 

past 
pH/alk 

Current 
pH/alk 

past 
pH/alk 

Nov. 
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6.35 
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6.38 
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6.41 
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5.90 
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6.43 
84 
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1983 

5.69 
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60 
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6.45 
1 02 
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6.06 
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6.42 
79 
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pollution  In  the  form  of  Increased  Pb,  Zn,  and  Cu  by  the  mid-  to  late 
1800fs  (Figure  8).  Thus,  chemical  changes  due  to  acidic  pre- 
cipitation. If  any,  are  Inferred  to  have  occurred  during  this  time 
frame.  Maximum  trace  metal  enrichment  factors  (maximum  concentration 
divided  by  background)  In  the  sediments  are  nearly  20X  for  lead  and 
generally  2  to  4X  for  Zn  and  Cu.  At  SMP,  Zn  Is  enriched  by  a  factor 
of  11;  the  1100  ppm  total  Is  the  highest  concentration  reported  for 
any  ollgotrophlc  'unpolluted1  lake  In  the  U.S.  or  Scandinavia. 

Dec  I Inlng  Ca  concentrations  during  at  least  the  past  two  cent- 
uries In  the  sediments  from  The  Bowl  and  SMP  are  Indicative  of  the 
sensitivity  of  these  ponds  to  acidification,  suggesting  that  long-term 
acidification  may  have  been  occurring  slowly.  The  low  modern  Ca 
accumulation  rate  at  SMP,  and  the  declining  concentration  trend 
evident  for  more  than  200  years  may  be  further  evidence  of  a  tendency 
toward  natural  acidity  prior  to  Inputs  of  anthropogenic  acids. 


RECOMMENDED  MANAGEMENT  ALTERNATIVES 

We  believe  that  there  Is  no  Immediate  concern,  or  practical 
course  of  action,  regarding  the  chemical  status  of  the  waters  at  ANP. 
Except  for  Sargent  Mountain  Pond  and  periodically  in  the  smallest 
headwater  brooks,  waters  of  ANP  generally  have  pH  greater  than  6. 
Seasonal  pH  and  A I  concentration  excursions  In  the  lakes  and  streams 
are  not  severe,  or  of  long  duration,  although  the  first-order  brooks 
are  more  vulnerable  to  chemical  fluctuations  (see  Figure  3).  No 
active  management  techniques  are  practical  or  seem  necessary  at  this 
time,  because  It  Is  not  possible  to  project  the  rate  or  magnitude  of 
future  changes,  If  any.  However,  the  current  chemical  status  of  SMP 
and  the  small  brooks  Indicate  that  chronic  acidification  or  loss  of 
alkalinity  are  possibilities  at  some  sites.  This  conclusion  raises 
questions  that  should  be  addressed.  We  suggest  that  the  following 
research  be  considered  by  the  National  Park  Service: 

A)  A  follow-up  survey  to  this  one,  using  the  same  methods 
and  the  same  sample  sites  should  be  performed  In  5  to  10  years, 
depending  In  part  on  deposition  trends  during  that  time.  Some 
recent  studies  have  suggested  that  significant  changes  In  pH  and 
alkalinity  occurred  In  some  Adirondack  lakes  In  the  1950's. 
Although  the  data  from  this  study  and  our  other  recent  work 
suggest  that  precipitation  has  been  polluted  In  New  England  for 
at  least  I00  years,  the  possibility  exists  that  rapid  changes  In 
pH  and  alkalinity  may  occur,  especially  In  first-order  brooks.  It 
would  be  Important  to  document  such  changes  In  brook  chemistry  as 
an  early  warning  of  a  more  widespread  chronic  acidification. 
With  the  results  of  this  survey  as  a  baseline,  a  new  study  could 
sample  all  41  sites  less  frequently  than  done  In  this  survey 
(perhaps  one  baseflow  sample  In  succeeding  years)  but  the  streams 
and  brooks  should  be  examined  for  two  years.  Including  at  least 
two  spring  snow-melts. 

B)  An  In-depth  soil  geochemistry  study  could  relate  aquatic 
chemistry  to  soil  chemical  parameters.  The  major  determining 
factors  appear  to  be  the  presence  or  absence  of  g  I  ado-mar  fne 
sediments  and  till  (outwash  versus  groundmoralne),  the  soil  type 
(spodosols   versus   Incept  I  so Is),   marine   aerosol  deposition 
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gradients,  the  local  topographic  relief,  and  the  extent  of  the 
1947  fire.  Parameters  that  may  be  Influenced  by  these  factors 
Include  soil  cation  exchange  capacity,  acid  neutralizing 
capacity,  sulfate  adsorption  capacity,  and  soil-water  retention 
time,  all  of  which  may  have  been  Influenced  by  mineralization  of 
basic  oxides  as  a  result  of  the  fire.  Representative  watersheds 
could  be  chosen  from  those  In  this  study.  Such  studies  would 
result  In  an  Improved  understanding  of  the  vulnerability  of  these 
sites,  and  of  the  potential  for  future  acidification. 

C)  A  paleol ImnologJc  tool  not  utilized  In  this  study  Is  the 
reconstruction  of  past  pH  regimes  based  on  down-core  studies  of 
diatoms  and/or  chrysophytes.  Analysis  of  distributions  should 
provide  Information  on  acidification  trends,  If  any.  In  SMP  and 
The  Bowl,  and  might  provide  Insight  Into  the  significance  of  the 
declining  Ca  accumulation  rate  In  recent  sediments  In  Long  Pond. 

D)  A  recent  scientific  and  political  Issue  Is  the  poss- 
ibility of  forest  die-back  In  northeastern  North  America.  Such  a 
die-back  would  have  an  obvious  detrimental  effect  on  a  national 
park.  This  alleged  die-back  has  been  attributed  to  acidic 
precipitation  by  some  researchers.  An  effort  should  be  made  to 
differentiate  air  pollution  from  acidic  precipitation  stress,  and 
both  of  these  from  other  stresses.  The  soils  research  proposed 
above  In  B  could  be  designed  to  provide  baseline  data  for  future 
blogeochemlcal  studies  relating  to  soil  nutrient  status  and 
forest  growth.  Such  a  data  base  would  be  especially  useful  If 
forest  stress  becomes  a  widespread  problem  at  ANP.  Elevatlonal 
transects  of  fog  and  precipitation  chemistry  would  also  be 
Informative  In  conjunction  with  a  forest  Inventory  of  the  park. 
Significant  gradients  In  chemistry  may  exist  due  to  marine 
aerosols  or  sea  fogs. 
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ABSTRACT 

The  aquatic  chemistries  of  18  lakes  and  ponds,  and  23  first-  and 
second-order  streams  In  Acadia  National  Park  (ANP)  were  studied  during 
1982-84  to  ascertain  chemical  status  and  to  estimate  potential  Impacts 
of  acidic  deposition.  ANP  Is  situated  primarily  on  blotlte  and 
hornblende  granites,  and  Is  receiving  precipitation  with  mean  weighted 
pH  of  4.4.  Topography  Is  severe  to  moderate,  and  the  soils  are  thin 
and  poorly  buffered,  or  non-existent,  except  on  the  valley  floors. 
These  factors  result  In  ollgotrophlc  waters  with  low  specific 
conductance  (mean  38  umhos),  low  color  (mean  15  Pt-Co  color),  which 
are  generally  sensitive  to  the  effects  of  acidic  precipitation. 

Mean  baseflow  pH  during  the  study  period  was  6.39,  6.48,  and 
5.93,  for  the  lakes,  second-order  streams  (SOS),  and  first-order 
brooks  (FOB),  respectively.  Alkallnltles  were  61,  140,  and  56  yeq/l. 
The  only  'acidic*  site  Is  the  smallest,  highest  elevation  pond  on  the 
Island,  Sargent  Mountain  Pond  (SMP),  which  had  a  mean  pH  of  4.58. 
During  spring  snow-melt  tn  1983  and  1984,  mean  pH  was  depressed  to 
5.78,  6.01,  and  5.43  In  the  lakes,  SOS,  and  FOB.  Corresponding 
alkalinity  values  were  20,  32,  and  10  yeq/l.  Several  Independent 
calculations  estimate  that  40  to  76  percent  of  the  spring  decline  In 
alkalinity  Is  due  to  acidification,  presumably  by  strong  acids  related 
to  acidic  precipitation.  Dilution,  rather  than  acidification,  Is 
estimated  to  account  for  24  to  60  percent  of  the  loss  of  alkalinity 
for  some  sites  during  spring  snow-melt. 

Sixty  percent  of  the  sites  sampled  are  sulfate  dominated  (S04> 
HCO3  ).  All  but  two  of  the  bicarbonate  waters  are  below  the  marine 
transgression  limit  (MTU  In  the  relatively  thick  till  and  marine 
sediments  found  on  the  valley  floors, 
-dominated  waters  are  above  the  MTL, 
Clearwater  lakes.  Two-thirds  of  the 
Including  all  of  the  very  clear  water 
concentrations  range  from  values  less 
deposition  (  <  40  yeq/l)  to  three  times 
(150  yeq/l). 

Total  Al  concentrations  are  generally  low  (  <  100  ppb)  although 
some  sites  below  the  MTL  or  with  high  color  (  >  60  Pt-Co)  have  total 
A I  concentrations  greater  than  100  ppb.  At  these  sites,  labile  A I 
concentrations  are  less  than  65  ppb.  SMP  and  some  of  the  FOB  have 
higher  total  and  labile  Al,  especially  In  response  to  depressed  pH  In 
the  spring.  At  these  sites,  labile  Al  concentrations  are  generally 
less  than  100  ppb,  except  In  SMP  (130-230  ppb  lab  I le  A I ) .  For  al I 
sites,  total  Zn  and  Mn  concentrations  are  low  (  <.  10  and  <.  20  ppb, 
respectively)  and  show  only  si Ight  seasonal  pH  dependent  changes  In 
concentration.  The  highest  values  for  both  trace  metals  were  observed 
during  baseflow  conditions  In  the  summer  and  fall. 

The  sensitivity  of  ANP  surface  waters  Is  Indicated  by  low 
alkallnltles,  and  by  high  mean  calclte  saturation  Indices  (CSI)  which 
are  all  In  the  'sensitive'  range  (CSI  >  3).  Based  on  both  parameters, 
and  on  data  from  other  surveys,  these  waters  are  more  sensitive  than 
the  New  England  regional  norm.  Application  of  predictor  models 
adapted  from  Henrlksen  Indicate  that  alkalinity  loss  at  some  sites  may 
have  been  as  great  as  50  percent  (up  to  60  yeq/l).  These  declines 
may  have  occurred  since  the  onset  of  acidic  precipitation,  or  they  may 
be  artifacts  of  normal  soil  processes  occurring  In  the  thin,  naturally 
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acidic  spodosols  on  upland  sites.  However,  a  number  of  sites  have 
modern  alkalinity  values  equal  to  or  greater  than  reconstructed 
historical  alkalinity.  These  sites  are  all  In  thick  overburden  and/or 
below  the  MTL.  Except  for  the  FOB,  whclh  may  have  had  pH  dec  I Ines  of 
up  to  0.8  pH  units,  and  SMP  (up  to  1.2  pH  unit  decline),  pH  has 
apparently  not  changed  significantly,  based  on  Inferred  past  water 
chemistry,  and  on  sparse  historical  data.  Indirect  evidence  from 
sediment  core  diatom  populations  Indicates  that  the  pH  of  SMP  has  been 
less  than  5.0  for  at  least  200  years.  There  Is  no  relationship 
between  pH  and  sulfate  concentrations  at  ANP,  although  the  ratio  of 
sulfate  to  the  sum  of  non-marine  anions  Indicates  that  sulfate  Is  a 
factor  In  the  pH  and  alkalinity  status  of  each  site.  High  relative 
sulfate  concentrations,  presumably  related  to  acidic  deposition,  are 
found  In  lower  pH  and  alkalinity  waters. 

The  sediment  chemistry  records  from  SMP,  The  Bowl,  and  Long  Pond 
(on  Isle  au  Haut)  Indicate  that  anthropogenic  trace  metals  (Pb,  Zn, 
Cu)  have  been  deposited  Into  lake  sediments  In  Increasing  amounts  for 
at  least  100  years,  suggesting  that  acidic  deposition  has  occurred 
over  this  time  span.  Calcium  accumulation  rates  In  sediments,  which 
are  Indicative  of  the  sensitivity  and  perhaps  the  actual  acidification 
of  these  waters,  began  declining  relative  to  other  major  constituents 
In  SMP  and  The  Bowl  at  least  by  the  late  1800's.  Calcium  deposition 
remained  nearly  constant  at  Long  Pond  until  approximately  20  years 
ago,  when  the  relative  rate  of  accumulation  began  to  decline. 
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INTRODUCTION 

The  phenomenon  called  'acidic  precipitation'  has  received 
Increasingly  widespread  attention  since  the  1950's  (Cowling,  1982). 
Concern  regarding  potential  damage  to  forests  and  natural  waters  has 
created  a  major  political  and  scientific  Issue.  There  Is  no  question 
that  precipitation  that  Is  acidic  Is  falling  on  much  of  eastern  North 
America,  and  In  other  areas  of  the  continent  as  well.  While  there  are 
no  Indications  that  the  acidity  of  precipitation  has  Increased 
recently  (Likens  et  a  I.,  1984;  Stenslund  and  Semonln,  1982;  Likens  et 
al.,  1977),  the  geographic  extent  of  the  area  receiving  'acidic* 
deposition  may  be  expanding  (Hinds,  1983;  Wlsnlewskl  and  Keltz,  1983; 
Logan  et  al.,  1982;  McCol I  etal.,  1982).  Unfortunately,  there  Is 
little  agreement  on  what  the  pH  of  'normal'  rain  should  be.  Rain  has 
never  been  only  distilled  water  In  equilibrium  with  atmospheric  carbon 
dioxide,  and  thus  the  often  quoted  pH  5.65  for  unpolluted 
precipitation  Is  merely  a  convenient  reference  point.  A  variety  of 
natural  and  anthropogenic  materials  found  In  rainwater  may  raise  or 
lower  pH  values.  A  reasonable  pH  for  rain  In  regions  similar  to  the 
northeastern  U.S.  may  be  as  low  as  5.0  (Charlson  and  Rodhe,  1982). 
Readings  below  pH  5.0  have  commonly  been  observed  In  remote, 
'unpolluted'  regions  of  the  world  (Galloway  et  al.,  1984;  Harte,  1983; 
Marsh,  1978). 

Although  there  Is  little  unequivocal  evidence  linking  fish  loss 
or  forest  decline  to  acidic  precipitation  In  North  America,  cir- 
cumstantial Indications  are  that  some  gradual  acidification  may  have 
occurred  over  the  past  50  to  100  years  In  sensitive  systems  where  the 
pH  of  local  precipitation  Is  less  than  4.7.  Acadia  National  Park 
(ANP)  Is  an  area  sensitive  to  the  effects  of  acidic  precipitation  due 
to  Its  geologic  and  pedologlc  setting  (Norton  et  al.,  1982;  McFee, 
1976;  Chapman,  1970).  This  two  year  study  was  designed  to  ascertain 
the  current  chemical  status  of  waters  at  ANP  and  to  estimate  the 
potential  vulnerability  of  these  waters  to  continued  Inputs  of  acids. 
The  data  base  established  will  provide  a  valuable  reference  for  future 
studies.  We  examined  in  detail  the  aquatic  chemistries  of  18  lakes 
and  ponds,  and  23  streams  and  brooks  (Figure  1)  during  1982-84. 
Additionally,  we  applied  existing  chemical  models  to  estimate  the  past 
chemical  condition  of  these  waters,  and  used  dated  sediment  chemistry 
profiles  from  3  ponds  to  estimate  historical  trends  In  aquatic  and 
precipitation  chemistries. 


STUDY  AREA 


Physical  Setting 


Acadia  National  Park  (ANP)  covers  approximately  12,200  hectares 
(30,000  acres)  on  Mount  Desert  Island  (MDI)  In  east-central  coastal 
Maine  (Figure  1).  Nearly  the  entire  park  Is  located  on  medium-  to 
coarse-grained  blotlte  (Somesvllle  Pluton)  or  hornblende  (Cadillac 
Mountain)  granites  (Tables  1  and  2;  (Carl  et  al.,  1984;  Chapman, 
1970).  Watersheds  are  characterized  by  thin,  patchy  soils,  and  steep 
slopes  with  abundant  exposed  bedrock.  The  composition  of  the  soils  is 
Influenced  strongly  by  Pleistocene  glacial  and  post-glacial  events 
Including  marine  submergence  during  deglaclat Ion.  Up  to  an  elevation 


km 


MOUNT  DESERT  ISLAND    \   / 


Figure  1.  Lakes  and  streams  of  Mount  Desert 

Island  (MDI) ,  Maine.  Inset  map  shows 
the  main  study  area  (MDI),  and  Isle 
au  Haut  (IAH),  the  location  of  one 
of  the  lake  coring  sites  (Long  Pond) 
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Table  IB.   Physical  parameters  of  lakes  and  ponds  In  Acadia  National  Park. 


Approx. 
Name  Area  Max.  Depth  Watershed  Area  Watershed/  Elevation  Residence  Time* 

(ha)     (m)      Area  (ha)       Area  Ratio    (m)         (months) 


Bear  Brook  Pond 

2 

4 

65 

33:1 

40 

1 

The  Bowl 

4 

9 

25 

6:1 

130 

12 

Bubble  Pond 

13 

12 

170 

13:1 

101 

12 

Eagle  Lake 

176 

34 

950 

5:1 

85 

60 

Echo  Lake 

96 

20 

680 

7:1 

26 

30 

U.  Had  lock  Pond 

16 

14 

460 

29:1 

70 

4 

L.  Had  lock  Pond 

14 

12 

780 

56:1 

57 

3 

Hal fmoon  Pond 

1 

6 

20 

20:1 

73 

4 

Hodgdon  Pond 

1  1 

7 

300 

28:1 

12 

3 

Jordan  Pd 

75 

46 

440 

6:1 

85 

100 

Lake  Wood 

6 

3 

160 

26:1 

42 

2 

Long  Pond 

360 

34 

1600 

4:1 

18 

60 

Little  Long  Pond 

12 

2 

320 

26:1 

2 

1 

Round  Pond 

15 

6 

NO 

7:1 

22 

II 

Sargent  Mtn.  Pd 

1 

3 

5 

5:1 

325 

6 

Seal  Cove  Pd 

114 

13 

900 

8:1 

12 

16 

The  Tarn 

6 

1 

110 

38:1 

30 

1 

Witch  Hole  Pd 

1  1 

10 

120 

1  1:1 

55 

3 

♦calculated  as  approximate  volume  (=  mean  depth  *  area)  divided  by  watershed  area  X  0.5  m 
rainfall  per  year  (approximated  after  evapotranspiration) 


Table  1C.  Chemical  and  MIneraloglcal  Composition 
of  MDI  Granites  from  Carl  et  al.  (1984). 


Average  chemical  composition  of  the  Somesvllle  (blotlte)  and 
Cadillac  Mountain  (hornblende)  granites.  Data  In  weight  percent, 


Somesv Ilia 


Cad 1 1 1 ac  Mountain 


SIO, 


Al203 

Fe20 

MgO 

CaO 

Na^O 

K20 

T10- 


MnO 


75.50 
13.48 
1.56 
0.24 
0.81 
3.46 
4.71 
0.16 
0.05 


72.62 
12.85 
4.36 
0.25 
1.00 
4.26 
3.88 
0.42 
0.07 


II.  CIPW  mineralogy. 


Somesv 1 1 1 e 

quartz 

35.0 

orthoclase 

27.8 

alblte 

29.3 

anorthlte 

3.9 

other 

4.0 

Cad  1 1  I ac  Mountain 
29.9 
22.8 
36.2 

4.5 

5.9 
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of  about  40  meters,  glaclomarfne  sediments  are  found  d Iscont Inuously 
In  stream  beds  and  In  soils  (Lowell,  1980;  Boms,  1974).  At  lower 
elevations,  and  In  some  of  the  glacial  valleys,  these  sediments 
overlie  or  are  Interbedded  with  till  deposits.  Locally,  the  marine 
transgression  limit  (MTL)  reached  an  elevation  of  between  65  and  85 
meters  during  deglaclatlon  10-13,200  years  b.p.  (Mayewskl  et  al., 
1981;  Thompson  and  Crossen,  1981;  Lowell,  1980;  Schnltker,  1974). 

A  variety  of  different  natural  habitats  occur  within  ANP 
providing  the  background  for  a  diversity  of  natural  resources  (Tables 
1-3;  Appendix  B).  Mount  Desert  Island  Is  the  northernmost  limit  of 
many  temperate  plants  and  the  southernmost  limit  for  some  arctic 
species.  There  Is  a  mixture  of  coniferous  forests,  deciduous  forests, 
mixed  conifer  and  hardwood  forests,  meadows,  and  bog  species  found 
near  many  sample  sites. 

Except  for  roads,  gravelled  carriage  paths,  and  trails,  most  of 
the  sites  chosen  for  study  have  been  relatively  undisturbed  since  at 
least  the  1930fs,  although  a  large  area  of  the  east  side  of  MDI  burned 
In  1947.  The  park  waters  are  generally  exceptionally  clear,  ol  Ig- 
otrophlc,  soft  waters.  In  regions  subjected  to  acidic  precipitation, 
such  catchments  are  considered  vulnerable  to  acidification. 


Precipitation  Chemistry 

Isopleth  maps  of  precipitation  pH  locate  the  pH  4.4  or  4.5 
Isollne  In  central  Maine  (NADP,  1984;  1983;  1982;  Wlsnlewskl  and 
Keltz,  1983;).  The  National  Atmospheric  Deposition  Program  (NADP) 
station  at  ANP  has  consistently  recorded  annual  volume  weighted 
laboratory  pH  values  of  4.3  to  4.4  (Figure  2)  since  Its  Inception  In 
1980  (NADP,  1984;  1983;  1982;  N.  Fletcher,  pers.  comm. ).  Such  pH 
values  are  close  to  or  lower  than  the  pH  recorded  at  the  three  Inland 
Maine  sites  (NADP,  1984;  1983;  1982).  Although  precipitation  pH  Is 
clearly  linked  to  the  concentrations  of  non-marine  sulfate  and  nitrate 
(Figure  3),  the  NADP  laboratory  pH  Is  consistently  higher  than  that 
calculated  from  the  concentrations  of  the  acid  anions,  or  the  ANP 
field  pH,  which  agree  closely.  The  causes  of  these  discrepancies  are 
unknown. 


METHODS 

Site  Selection 

In  this  study,  we  Included  all  lakes  and  ponds  located  within 
park  boundaries,  or  accessible  on  park  land  (Table  1).  This  selection 
Included  all  but  three  small  ponds  on  MDI.  We  also  sampled  most  of 
the  'major'  streams  In  or  adjacent  to  the  park-  (Table  2),  although  we 
did  not  examine  several  flowages  associated  with  wetlands.  It  was 
beyond  the  scope  of  this  project  to  Intensively  monitor  the  large 
number  of  smaller  streams  and  brooks.  However,  Inasmuch  as  these 
upland,  headwater  catchments  should  respond  most  quickly  to  stresses, 
It  was  Important  to  characterize  their  chemistries  and  responses.  We 
chose  the  Canon  Brook,  Had  lock  Ponds,  and  Eagle  Lake  watersheds  for 
more  Intensive  study,  along  with  The  Bowl  and  Sargent  Mountain  Pond 
(Figure   4  and  Table  3).   These  sites  will   be  referred  to  as 


Table  3.  Stream  and  lake  monitoring  sites.  Numbers  correspond  to  site  locations  on  Figure 
3.  Bedrock  geology  Is  hornblende  granite  at  all  sites;  surflclal  geology  Is  till  and/or 
outcrop  at  all  sites  except  Canon  Brook  Rt.  3,  which  has  marine  clays  In  the  Immediate 
watershed. 


Elevation 

Gradient1 

Watershed 

Site 

(■) 

(m/IOOm) 

area 

Vegetation 

Canon  Brook 

1 .  Canon  Brook  -  Rt.  3 

34 

.09 

51 

BIrch-Aspen/Wh.  Cedar 

2.  Canon  Brook  -  West 

77 

.10 

56 

Wh.  Cedar 

3.  Canon  Brook  -  Cadillac 

129 

.26 

85 

Wh.  Cedar 

4.  Canon  Brook  -  Dorr 

126 

.13 

339 

Wh.  Cedar 

Fag  la  Laka 

5.  Eagle  Lake  -  (N 

basin) 

85 

— . 

951 

N.  Hardwood/ml xed  conifers 

6.  Eagle  Lake  -  (S 

basin) 

85 

— 

951 

N.  Hardwood/mixed  con tiers 

7.  Eagle  -  S  Inlet 

87 

.04 

102 

Wh.  Plne/mlxed 

8.  Eagle  -  W  Inlet 

86 

.05 

43 

mixed 

9.  Eagle  -  E  inlet 

94 

.22 

100 

N.  Hardwood 

10.  Eagle  -  E  Inlet 

(N) 

154 

.05 

21 

Wh.  Cedar/Birch-Aspen 

II.  Eagle  -  E  Inlet 

(S) 

154 

.23 

36 

Wh.  Cedar/8 1 rch-Aspen 

12.  Bubble  Brook 

88 

— 

173 

Hardwood/ Spruce- Hem 1 ock 

13.  Bubble  Pond 

101 

— 

173 

Wh.  Cedar/ N.  Hardwood 

Had  lock  Ponds 

14.  Upper  Had  lock 

70 

— 

465 

Spruce-FIr/N.  Hardwood 

15.  Lower  Had  lock 

58 

— 

787 

Spruce-FIr/Wh.  Cedar 

16.  Hadlock  Brook 

75 

.11 

148 

mixed 

17.  Penobscot  Brook 

154 

.14 

43 

Spruce-F I r/m 1 xed 

18.  Gflmore  Brook 

154 

.10 

48 

Spruce-Hem 1 ock/ Hardwood 

19.  Parkman  Brook 

83 

.22 

24 

mixed 

20.  Sargent  Mtn.  Pond 

325 

— 

5 

Spruce-Fir 

21.  The  Bowl 

129 

•■ — 

24 

Birch/ Aspen 

above  sampling  site 
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Figure  2.  NADP  precipitation  pH  at  Acadia  National  Park,  1980-1984. 
Data  are  laboratory  pH  through  October  18,  1983,  and  field 
pH  from  October  25,  1983  through  August,  1984. 
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Figure  3.  The  relationship  between  the  sum  of  NO3  and  SO4  in  pre- 
cipitation and  NADP  precipitation  pH.  Data  in  yeq/1  . 
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♦monitoring'  sites,  and  Include  12  first-order,  headwater  brooks.  The 
sites  sampled  less  frequently  are  referred  to  as  'survey'  sites.  We 
classified  first-order  flowages  as  'brooks',  and  higher-order  flowages 
as  'streams'  for  purposes  of  reference.  In  general,  the  streams  are 
larger,  perennial,  and  at  lower  elevation  than  the  brooks.  The  only 
exception  Is  the  ephemeral  east  Inlet  to  Eagle  Lake,  which  Is 
considered  a  brook  because  of  Its  size  and  Intermittent  nature, 
although  It  Is  a  second-order  flowage  by  definition. 


water  Chemistry 

All  sample  containers  were  soaked  In  10  percent  (v/v)  HCI  at 
least  overnight,  triple  dlstl I led-water  rinsed,  and  dried  In  an 
Inverted  position.  Linear  polyethylene  (LPE)  sample  bottles  were 
re-fllled  with  distilled  water  as  an  extra  precaution  against 
contamination.  The  distilled  water  was  discarded  just  prior  to 
sampling.  After  triple  rinsing  with  lake  or  stream-water,  samples 
were  taken  at  midstream,  In  the  region  of  greatest  flow,  near  the 
center  of  the  lake  at  approximately  0.5  m  depth,  or  near  the  bottom  at 
the  deepest  point  of  the  lake  or  basin.  Hypo  limn  I on  samples  were 
taken  with  Kemmerer  water  samplers  and  then  transferred  to 
sample-rinsed  LPE  bottles.  Samples  for  cation  analyses  were  acidified 
to  pH  <  2  In  the  field  and  stored  at  room  temperature  upon  return  to 
the  laboratory.  Subsamples  for  pH,  alkalinity,  color,  specific 
conductance,  and  anions  were  transported  on  Ice.  Anion  samples  were 
analyzed  within  48  hours,  or  were  frozen;  other  parameters  were 
determined  within  24  hours.  Alkalinity  and  pH  were  determined  the  day 
of  collection  on  al Iquots  warmed  to  room  temperature. 

During  1984,  A I  was  speclated  Into  'labile'  (largely  monomer  I c, 
Inorganic  Al)  and  'non-labile1  (largely  organically  bound)  by  the  Ion 
exchange  method  of  Drlscoll  (1984).  Samples  for  anion  analyses  were 
routinely  filtered  through  Whatman  44  filter  paper  (1982-83)  or 
through  Nucleopore  1.0  urn  membrane  filters  (1983-84)  prior  to 
analysis.  Cation  samples  from  some  dates  were  filtered  through 
Nucleopore  0.4  ym  membrane  filters,  prior  to  acid  If Icat Ion.  This 
practice  was  not  followed  on  a  routine  basis  because: 

1)  Our  previous  experience  with  clear,  ollgotrophlc  waters 
In  New  England  has  shown  that  filtering  generally  makes  little 
difference  In  measured  concentrations  of  major  cations  (Haines  et 
al.,  1985). 

2)  It  was  not  cost  effective  or  practical  to  devote  a  major 
effort  to  an  expensive  and  labor  Intensive  process. 

3)  Analyses  of  filtered  samples  unpredictably  show  spurious 
results,  especially  for  potassium,  sodium,  chloride,  and  some 
trace  metals,  making  It  necessary  to  analyze  parallel  unflltered 
samples  along  with  filtered  samples.  As  a  routine  procedure, 
this  practice  was  beyond  the  resources  of  this  project. 


Sediment  Chemistry 

Sediment  cores  (about  0.5  m  long)  were  taken  from  the  approximate 
deepest  point  of  Sargent  Mountain  Pond  and  Long  Pond  (Isle  Au  Haut)  In 
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1983,  and  from  The  Bowl  in  1979  (by  R.B.  Davis,  Department  of  Botany 
and  Plant  Pathology  and  T.V.  Lowell,  Department  of  Geological 
Sciences)  using  a  modified  Davis  and  Doyle  (1969)  piston  corer.  The 
core  barrel  was  a  luclte  tube  approximately  one  meter  long  with  an 
Inside  diameter  of  6.35  cm.  The  cores  had  undisturbed  sediment/water 
Interfaces  and  presumably  Intact  stratigraphies.  These  cores  were 
sectioned  In  the  field  at  0.5  cm  Intervals  for  the  upper  20  cm,  and  In 
1.0  cm  Intervals  below  20  cm,  except  for  Sargent  Mountain  Pond,  which 
was  sectioned  In  0.5  cm  Intervals  to  30  cm.  The  sediment  from  each 
Increment  was  placed  In  a  Whlrl-pak  bag  and  stored  In  the  dark  at  5  °C 
until  processed.  Storage  times  were  less  than  one  month  for  Sargent 
Mountain  Pond  and  Long  Pond.  Sediment  from  The  Bowl  was  dried  In 
1979,  and  stored  in  glass  vials.  Sample  preparation  prior  to  metal 
analyses  was  by  standard  HF-aqua  regla-borlc  acid  sediment  digestion 
(Norton  et  a  I.,  1978,  as  adapted  from  Buckley  and  Cranston,  1971). 

The  chemistries  of  the  sediment  cores  from  each  lake  were  used  to 
estimate  watershed  and  atmospheric  loading  hl-storles  using  chron- 
ologies established  by  Pb-210  dating.  Pb-210  Is  a  daughter  product  In 
the  U-238  decay  series.  One  of  the  U-238  daughters,  Ra-226,  decays  to 
Rn-222,  which  Is  released  to  the  atmosphere  from  rocks,  soils,  and 
emergent  groundwater.  The  Rn-222  decays  through  a  series  of  rapid 
steps  to  Pb-210,  which  Is  scavenged  by  precipitation  (atmospheric 
residence  time  Is  less  than  one  week  (Poet,  1972))  and  Incorporated 
Into  soils  or  onto  particulates  In  aqueous  media  (Farmer,  1978). 
Terrestrial  lead  Is  very  Immobile;  thus  most  Pb  deposited  In  sediments 
must  have  fallen  directly  on  the  lake  (Dillon  and  Evans,  1982;  Farmer, 
1978).  A  steady  state  delivery  of  Pb-210  to  the  sediment  (pCI 
Pb-210/g  sediment)  should  produce  an  exponential  decay  (concentration) 
curve  with  depth,  which  decreases  nearly  to  background  In 
approximately  100  years  (the  half  life  of  Pb-210  Is  22.2  years). 

Pb-210  activities  were  determined  for  selected  Intervals  In  the 

cores  from  each  lake.   Sediment  chronology  was  calculated  from  the 

Pb-210  activity  profiles,  using  the  CRS  model  of  Appleby  and  Oldfleld 

(1978).   Dates  were  applied  using  a  modified  version  of  the  methods  of 

Eaklns  and  Morrison  (1978),  as  adapted  by  Davis  et  a  I.,  (1984).  A 

Tracor  Northern  (TN-1710)  Alpha  Spectrometer  was  used  to  measure 

Po-210  activity  In  the  samples.  Counting  times  were  15,000  to  20,000 

seconds.   Pb-210  activity  was  calculated  assuming  secular  equilibrium 
with  the  polonium  granddaughter. 


Analytical  Procedures 

Analytical  standards  were  made  by  combining  single  metal 
solutions  to  yield  an  artificial  sediment  or  water  of  composition 
similar  to  the  actual  samples.  All  chemical  analyses  for  metals 
except  silica  were  performed  on  a  Perktn-Elmer  model  703  Atomic  Ab- 
sorption Spectrophotometer  using  standard  techniques  (Perk In-  Elmer, 
1981;  1976).  Flame  methods  were  used  for  Ca,  Mg,  K,  Na,  Fe,  and  Zn  In 
sediments  and  water,  and  for  Tl,  Al,  and  Mn  In  sediments.  Flame  I  ess 
techniques  (HGA-2200  Graphite  Furnace)  were  used  for  Al  and  Mn  In 
water,  and  for  Pb  In  sediments.  Silica  was  analyzed  on  a  Jarrel-Ash 
Inductively  Coupled  Spectrophotometer  ( ICP)  In  the  Plant  and  Soil 
Sciences  Analytical  Laboratory.  Anions  were  analyzed  on  a  Dlonex 
model   16  double  channel  Ion  chromatograph  (1982  and  early  1983)  or  on 
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a  Dlonex  model  20101  single  channel  Ion  chromatograph  (1983  and  1984). 
Blanks,  spiked  samples,  and  EPA  Quality  Assurance  Samples  were  run 
routinely  as  checks  on  analytical  procedures  (Appendix  A). 

Laboratory  pH  was  done  on  an  Orion  701 A  digital  pH  meter, 
equipped  with  Ross  re-f I  liable  glass  electrodes.  Two  buffers  were 
used  for  calibration,  which  was  then  checked  using  standardized  acids 
and  alr-equl I Ibrated  distilled  water  (theoretical  pH  =  5.65). 
Re-standard  I zat Ion  was  performed  If  the  standard  acids  or  the 
distilled  water  were  In  error  by  more  than  0.05  pH  units.  Field  pH 
was  performed  with  a  Dlgl-sense  LCD  or  LED  pH  meter,  using  Fisher 
non-ref 1 1 lable  KCI-gel  glass/polymer  electrodes.  Other  parameters 
determined  were:  alkalinity  by  the  Gran  plot  method  (Butler,  1982; 
Stumm  and  Morgan,  1981),  color  with  an  Ecolab  Pt-Co  test  kit,  and 
specific  conductance  with  a  Yellow  Springs  Model  33  Sallnlty- 
Temperature-Conductance  Meter. 


RESULTS 
Surface  Water  Chemistry 
Basef low  Conditions 

The  surface  waters  of  ANP  are  generally  clear  and  ol igotrophlc. 
The  large  lakes  and  the  small  first-order  brooks  tend  to  be 
exceptionally  clear  (Pt-Co  color  i  15;  seech  I  transparencies  6-18  m 
(Figure  5)).  A  few  smaller  ponds  and  low  elevation  second-order 
streams  associated  with  wetlands  are  moderately  more  humlc  (Pt-Co 
color  20-100),  although  the  maximum  mean  color  for  any  site  was  60 
Pt-Co  units.  Specific  conductances  are  low  (Figure  6;  mean  38  ymhos), 
In  spite  of  the  Input  of  marine  aerosols  from  sea  water. 

Figures  7  and  8  present  the  pH  and  alkalinity  distributions 
during  basef low  (summer  and  fall)  conditions  for  the  brooks,  streams, 
and  lakes  of  ANP.  While  pH  and  alkalinity  are  relatively  constant  for 
the  lakes  between  dates,  the  chemistries  of  the  flowages  respond  more 
to  meteorologlc  events.  For  example,  1983  was  an  unusual  hydrologlc 
year  In  that  the  summer  was  very  dry,  yet  record  precipitation  In  the 
spring  and  fall  resulted  In  near-record  total  yearly  precipitation  (N. 
Fletcher,  pers.  comm.).  Thus,  summer  pH  and  alkalinity  were  elevated 
in  the  streams  (the  brooks  were  often  dry),  but  fall  pH  and  alkalinity 
were  depressed,  especially  In  the  small  brooks  sampled  after  heavy 
rains.  Similarly,  brief  pH  (a  few  weeks)  and  more  prolonged  alkalin- 
ity (2  to  4  months)  depressions  occurred  during  spring  snow-melt  each 
year. 

Table  4  shows  mean  basef low  compositions  for  ANP  waters.  Sargent 
Mountain  Pond  (pH  4.58;  alkal Inlty  -28  ueq/l)  Is  the  only  'acidic' 
pond  on  the  Island,  and  Is  treated  as  a  statistical  outlier  when  group 
means  are  calculated  for  pH  and  alkalinity.  While  the  major  streams 
and  lakes  generally  have  relatively  high  pH  for  such  low  specific 
conductance  waters  In  sensitive  terrain,  many  are  no  longer 
bicarbonate  waters  (I.e.  HCO3  Is  not  In  excess  of  SO 4;  Figure  9). 
Generally,  In  waters  not  In  sulfide  bearing  bedrock  and  not  receiving 
acidic  deposition,  HCO3  concentrations  are  much  greater  than  SO4.  This 
SO4  predominance  at  ANP  does  not  result  In  a  relationship  between  pH 
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Figure  5.    Baseflow  water  color  distribution,   1982-1984    (Pt-Co  units) 
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Figure  7.     Baseflow  pH  distribution,   1982-1984. 
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and  S04  (Figure  10),  due  to  the  different  sources  and  pathways  of  the 
waters  In  each  lake  or  stream.  Elevatlonal  transect  studies  In  the 
Upper  Had  lock.  Canon  Brook,  and  Eagle  Lake  watersheds  Indicate  that 
sulfate  concentrations  are  constant  or  Increase  as  pH  rises 
downstream. 


Seasonal  Variations 

Table  5  lists  the  means  by  sampling  date  for  pH  and  alkalinity 
for  the  three  sample  types.  In  general,  pH  and  alkalinity  are  much 
less  variable  In  the  lakes  than  In  the  streams  and  brooks.  During 
spring  snow-melt,  mean  pH  was  depressed  by  as  much  as  0.7  pH  units  In 
the  monitored  lakes;  the  depression  was  evident  only  In  the  upper  1-2 
meters.  Mean  hypollmnlon  pH  for  the  monitored  lakes  was  6.1  and  6.2 
In  March  of  the  respective  years.  This  slight  pH  depression  was  due 
largely  to  Incomplete  CO  2  de-gasslng  at  the  time  of  pH  measurement. 
Surface  alkallnltles  declined  to  one-third  of  their  baseflow  values 
during  maximum  depression,  although  spring  alkallnltles  for  deep 
samples  from  the  monitored  lakes  were  greater  than,  or  equal  to,  the 
baseflow  mean.  However,  early  summer  hypollmnlon  alkalinity  values 
were  ubiquitously  lower  than  those  measured  In  the  spring.  This 
observation  suggests  that  much  of  the  rapid  late-spring  pH  and 
alkalinity  recovery  was  due  to  mixing  of  the  alkal Inlty-poor  surface 
layer  with  the  relatively  alkal Inlty-rlch  deeper  waters.  Complete 
alkalinity  recovery  throughout  the  water  column  did  not  occur  until 
mid-summer. 

Spring  pH  and  alkalinity  depressions  In  the  brooks  and  streams 
were  more  pronounced  than  In  the  lakes.  For  example  In  the  Had  lock 
Brook  system,  pH  declined  from  the  mid  to  high  6fs  to  the  mid  to  low 
5's  In  each  spring  (Figure  11).  Alkalinity  reached  values  below  zero 
In  two  brooks  (Figure  11),  In  spite  of  winter  precipitation  pH  values 
of  4.55  and  4.63  In  1983  and  1984  (mean  volume-weighted  NADP 
laboratory  pH  from  January  1  until  mid-March  of  each  year  (calculated 
from  data  supplied  by  N.  Fletcher,  pers.  comm.)).  We  recorded  only 
one  pH  less  than  5  (4.91  In  the  east  Inlet  to  Eagle  Lake)  In  any 
stream  or  brook  during  the  study. 

Aluminum  £C4  Other  Trace  Metals 

Manganese,  Zn,  and  Al  concentrations  were  generally  low  (Table 
6),  although  seasonal  variations  exist  for  all  three.  Zinc  and  Mn 
were  generally  highest  during  baseflow  or  during  extremely  low  flow, 
whereas  Al  concentrations  Increased  In  the  spring,  when  pH  was 
depressed  (Appendix  C).  Aluminum  mobility  Is  apparently  responding  In 
part  to  pH  dependent  reactions,  whereas  Mn  and  Zn  are  probably 
mobilized  largely  In  chelated  or  fine  particulate  form.  Figure  12a 
shows  the  relationship  between  total  aluminum  and  pH  during  the  study 
period.  Relatively  high  total  Al  concentrations  In  the  major  streams 
during  baseflow  may  be  related  to  the  glaclomarlne  clays  found 
commonly  below  40  meters  elevation,  or  to  complexatlon  by  organ  I cs 
(Johnson  et  al.  1981;  Cronan  and  Schofleld,  1979;  Johnson,  1979). 
However,  the  highest  Al  concentrations  are  generally  associated  with 
the  lowest  pH  values  In  the  spring.  A  majority  of  waters  had  total  A I 
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Table  5.   Mean  pH  and  alkalinity  by  date  for  the  three  sample  types. 

Lake  data  for  several  dates  are  for  monitored  lakes  only.   Sargent 

Mountain  Pond  Is  excluded  from  lake  means. 


Lakes 

(surf 

ace) 

Streams 

Brooks 

Date 

(n) 

pH 

Alk 

(n) 

pH 

Alk 

(n)    pH 

Alk 

1982 

Oct. 

(21) 

6.42 

68 

(11) 

6.41 

123 





Nov. 

(21) 

6.35 

58 

(12) 

6.41 

84 

(11)   5.90 

48 

1983 

Feb. 

(6) 

6.08 

29 

(12) 

6.39 

65 

(11)   5.92 

48 

Early  Mar. 



— 

(12) 

6.18 

37 

(11)   5.70 

21 

Mid-Mar. 

(6) 

5.69 

18 

(12) 

6.12 

35 

(11)   5.66 

15 

April 

(21) 

6.34 

40 

(12) 

6.20 

41 

(11)   5.80 

24 

June 

(5) 

6.36 

37 

(12) 

6.52 

74 

(11)   6.04 

38 

July 

(21) 

6.44 

63 

(12) 

6.41 

185 

(11)   6.09 

75 

Oct. 

(22) 

6.39 

65 

(12) 

6.42 

198 

(11)   5.74 

41 

|984 

Feb. 

(5) 

5.69 

13 

(11) 

5.98 

26 

(11)   5.48 

8 

Mid-Mar. 

(5) 

5.86 

21 

(11) 

5.96 

28 

(11)   5.28 

6 

Late  Mar. 

(12) 

5.86 

23 

(12) 

5.97 

41 

(11)   5.58 

23 

July 

(22) 

6.40 

52 

(12) 

6.45 

102 

(11)   6.06 

63 
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Table  6.  Aluminum  and  other  trace  metals.  Data  In  ppb.  Aluminum 
speclatlon  done  by  the  cation  exchange  method  of  Drlscoll  (1984).  For  each 
analysis  the  sum  of  (labile  Al  +  non-labile  Al)  =  total  Al.  In  this  table, 
the  sum  of  labile  plus  non-labile  A I  does  not  necessarily  equal  total  A I 
because  the  data  are  means  from  many  dates,  and  speclated  Al  was  only 
measured  In  1984. 


Sargent 
Lakes     Streams     Brooks     Mtn  Pond 


Total  A I 


Labi le  Al     Mean 


Non-labf le  Al  Mean 


Zn 


Mn 


Mean 

55 

83 

104 

285 

Maximum 

211 

511 

270 

401 

Mean 

16 

15 

39 

170 

Maximum 

58 

70 

135 

237 

Mean 

38 

52 

59 

77 

Maximum 

126 

165 

117 

97 

Mean 

4 

5 

8 

11 

Maximum 

29 

22 

24 

16 

Mean 

16 

20 

13 

17 

Maximum 

63 

174 

57 

22 
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Figure  12.   Relationship  between  total    Al   and  labile  Al ,  and  pH 
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9  * 


concentrations  less  than  100  ppb.  During  1984,  we  speclated  Al  Into 
non-labile  and  labile  forms.  Labile  A I  represents  17  to  60  percent  of 
total  Al  (Figure  12  and  Table  6).  This  range  Is  largely  pH  dependent, 
with  a  Increasingly  larger  fraction  of  the  total  A I  In  complexed  form 
at  high  pH.  Similarly,  the  labile  Al  fraction  of  total  Al  Is 
relatively  low  above  pH  5.5  (Figure  12b).  This  relationship  Is  In 
contrast  to  total  A I  versus  pH,  which  shows  an  Indistinct  pH-dependent 
relationship  In  this  study. 


Sediment  Chemistry 
Major  E I ement  Chemistry 

Lake  sediments  are  deposits  of  a  portion  of  a  watershed's  eroded 
detritus,  with  autochthonous  organic  and  Inorganic  fractions  (Wetzel, 
1983;  MacKereth,  1966).  As  such,  sediments  Integrate  and  preserve,  to 
an  unknown  extent,  a  history  of  the  natural  processes  and  disturbances 
In  the  watershed.  Cores  from  the  deepest  point  within  the  lake  must 
be  used  for  any  Interpretations,  due  to  disturbances  that  may  occur  In 
shallow  sites,  such  as  slumping,  re-suspenslon,  basal  freezing  to 
surface  Ice,  or  bloturbatlon  (which  Is  generally  greater  In  littoral 
than  In  hypollmnetlc  sediments).  An  undisturbed  core  may  provide  a 
record  of  watershed  disturbance,  but  a  disturbed  core  Is  of  little 
value  for  sediment  chemistry  analysis. 

Under  stable  watershed  and  chemical  conditions,  concentration 
profiles  for  the  more  I Ithogenous  metals  should  remain  constant.  For 
example,  TIO  2  is  a  chemically  non-mobile  component  of  the  I Ithogenous 
fraction  of  sediments.  Other  rock-forming  oxides  should  co-vary  with 
TIO2  regardless  of  sedimentation  rate  If  the  source  and  processing  of 
sediment  remain  the  same.  However,  If  new  sediment  Is  more  organic  or 
more  heavily  leached,  then  element  and  oxide  concentrations  In 
sediment  may  vary.  This  latter  situation  will  probably  be  Indicative 
of  changing  conditions  In  the  watershed.  A  disturbance  which  causes 
accelerated  sedimentation  of'-  either  leached  or  fresh  material  may 
change  the  relative  proportions  of  elements,  and  non-uniform  chemical 
profiles  may  result.  For  example.  If  al lochthonous  organic  matter  Is 
Input  to  sediments,  then  elements  associated  with  these  organ les  (such 
as  heavy  metals)  may  Increase  In  concentration.  Likewise,  changes  In 
water  or  organic  content  Indicate  that  sediment  characteristics,  lake 
productivity,  or  biological  community  structure  have  changed.  However, 
concentration  plots  (such  as  Figures  13  to  15)  can  be  misleading  In  at 
least  two  ways.  First,  concentration  parameters  are  not  variables 
that  are  Independent  of  one  another.  Variation  In  one  may  be  due  to 
or  cause  variation  In  another.  Second,  constant  concentration  with 
depth  profiles  do  not  necessarily  represent  undisturbed  conditions. 
Co-varying  or  offsetting  parameters  may  mask  disturbances  as  recorded 
In  chemical  profiles.  Accumulation  rate  plots  provide  an  alternative 
method  of  Interpretation  for  sediment  chemistry,  plotting  net 
accumulation  rates  against  calendar  year.  Accumulation  rates  are 
Independent  variables,  unlike  concentration  parameters,  allowing 
estimation  of  absolute  rather  than  relative  changes  In  sedimentation 
processes.  Selected  accumulation  rates  are  presented  In  the 
discussion  section  of  this  text. 

The  chemical   stratigraphies  of  the  cores  removed  from  the  deep 
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points  of  Sargent  Mountain  Pond  (SMP),  The  Bowl,  and  Long  Pond,  were 
used  to  1)  evaluate  the  approximate  watershed  disturbance  and  water 
chemistry  histories  over  the  time  period  represented  by  the  cores;  and 
to  2)  estimate  anthropogenic  heavy  metal  loading  histories  based  on 
Pb-210  chronology  for  each  core.  For  a  measure  of  steady-state 
sedimentation  and  conditions,  we  evaluated  activity  plots  of  Pb-210 
relative  to  the  theoretical  exponential  decay  curves. 

The  Interpretation  of  Pb-210  profiles  focuses  on  two  aspects  of 
the  activity  plot.  First,  changes  In  sedimentation  rate  or 
disturbance  of  the  sediment  _Lq  situ  may  be  Indicated  by  deviations 
from  an  exponential  decay  curve  In  the  sediment.  Second,  the 
convergence  of  Pb-210  activity  to  background  values  determines  our 
ability  to  accurately  assign  ages  to  particular  strata  In  the  core. 
The  Pb-210  profiles  of  the  cores  from  Long  Pond  and  The  Bowl  approach 
the  exponential  form  expected  from  steady-state  sedimentation 
(corrected  for  compaction),  and  background  Is  reached  at  a 
well-defined  point.  These  cores  are  Interpreted  to  be  relatively 
undisturbed,  and  can  be  accurately  dated.  The  SMP  Pb-210  activity 
plot  approaches  a  well  defined  background,  and  therefore  the  overall 
chronology  Is  believed  to  be  accurate,  although  the  age  uncertainties 
In  the  uppermost  levels  are  probably  greater  In  this  core.  We 
utilized  the  Constant  Rate  of  Supply  (CRS)  model  of  Pb-210  accum- 
ulation for  each  core  (Davis  et  a  I.,  1984;  Appleby  and  Oldfleld, 
1978).  Accurately  assigned  dates  are  Indicated  by  a  charcoal  peak 
correlated  with  the  1947  Bar  Harbor  fire  In  the  sediments  from  The 
Bowl  (Backman,  1984),  which  was  dated  at  1951,  and  the  appearances  of 
agricultural  pollen  In  all  cores  In  Intervals  dated  just  prior  to  the 
nineteenth  century  (Backman,  1984). 

For  Information  relating  to  watershed  disturbance,  we  examined 
concentration  profiles  and  net  deposition  rates  of  major  elements.  In 
SMP  (Figure  13),  the  concentrations  of  the  oxides  of  the  major  rock 
forming  metals  (Tl,  Al,  K,  Na)  vary  tremendously  but  In  phase  with  one 
another  over  time  (depth).  These  variations  probably  represent 
eroslonal  events  associated  with  disturbances  such  as  fire,  blowdowns, 
or  storms.  The  SMP  watershed  Is  small,  exposed,  and  subject  to  this 
kind  of  perturbation.  The  concentration  variations  In  The  Bowl 
(Figure  14)  are  much  more  subdued.  By  contrast,  long  term  variations 
In  concentrations  of  the  rock  forming  oxides  of  the  sediment  profile 
of   Long   Pond   (Figure   15)   occur   throughout  the  core.   One 

Interpretation  Is  that  human  disturbance  on  Isle  au  Haut  has  altered 
watershed  processes  and  thus  altered  sedimentation  processes.  For 
these  three  ponds,  the  concentration  profiles  suggest  at  least  some 
disturbance  In  each  drainage. 


Heavy  Metal  Deposition 

The  sediment  records  In  lakes  In  much  of  the  northern  hemisphere 
Indicate  Pb  and  Zn  deposition  In  amounts  above  background  beginning  In 
the  mld-1800's  (Kahl  et  al.,  1984;  Davis  et  al.,  1980;  Shlrahata  et 
al.,  1980;  Iskander  and  Keeney,  1974).  This  phenomenon  has  been  noted 
at  sites  In  eastern  Maine  as  well  (Kahl  and  Norton,  1983;  Norton  et 
a  I.,  1978).  All  three  ponds  In  this  study  show  Increases  In  Pb,  Zn, 
and  Cu,  beginning  In  the  mld-1800's  (Figures  13  to  15).  Maximum 
enrichment  factors  (maximum  divided  by  background  concentration)  are 
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nearly  20X  for  lead  and  generally  2-4X  for  Zn  and  Cu  (Table  7).  At 
SMP,  Zn  Is  enriched  by  a  factor  of  1 1 ;  the  1100  ppm  total  Is  the 
highest  concentration  we  have  seen  from  the  sediment  from  any 
ollgotrophlc  lake  In  North  America.  This  Zn  concentration  peak  Is  a 
function  of  a  slow  sedimentation  rate  and  a  low  background 
concentration  In  the  sediment.  The  Zn  accumulation  rate  at  SMP  Is 
similar  to  that  at  the  other  sites  In  this  study,  and  at  other  sites 
In  the  region  (Kahl  and  Norton,  1983;  Kahl,  1982). 


DISCUSSION 
Sensitivity  of  ANP  Waters  to  Acidification 
£tk  Alkal Inlty.  and,  Calclte  Saturation  Index 

The  geologic  setting  of  ANP  should  result  In  waters  sensitive  to 
acidic  precipitation.  Typically,  'sensitive'  waters  have  been 
considered  those  with  low  specific  conductances,  alkal Initios  less 
than  100  yeq/1,  and  pH  values  less  than  7.0.  With  the  exception  of 
several  streams  which  seasonally  have  greater  than  100  yeq/1 
alkalinity,  and  Little  Long  Pond  which  has  high  specific  conductance 
due  to  occasional  flooding  by  seawater,  every  site  at  ANP  fits  these 
criteria  for  sensitivity. 

Kramer  (1981)  has  suggested  using  the  calclte  saturation  index 
(CSI)  as  a  measure  of  sensitivity  Instead  of  pH  or  alkalinity  alone. 
CSI  eliminates  the  comparison  between  a  log  function  and  a  linear 
function,  and  may  be  used  In  place  of  pH  and/or  alkalinity,  which  have 
an  Imprecise  relationship.  The  CSI  Is  the  negative  logarithm  of  the 
degree  of  saturation  of  a  water  with  respect  of  CaCC^: 

CSI  =  -log  [Ca][HCQ3] 


IH]  K 


or 


CSI  =  logK  -  logical  -  log[HC03l  -  pH 

where  log  K  =  2.582  -  0.024T,  and  T  Is  temperature  In  degrees  celclus. 
A  CSI  of  1.0  represents  a  water  saturated  with  respect  to  CaC03. 
Sensitive  waters  are  defined  as  having  a  CSI  greater  than  3.0  (Kramer, 
1981):  the  larger  the  CSI,  the  greater  the  sensitivity.  When  applied 
to  ANP  waters,  only  11  of  the  536  analyses  for  the  41  sites  yielded  a 
CSI  less  than  3.0;  all  mean  CSI  values  for  each  site  were  greater  than 
3.0  (minimum  3.32  for  Stanley  Brook).  Mean  CSI  values  are  5.5,  4.9, 
and  4.6  for  the  brooks,  lakes,  and  streams,  respectively.  The 
distribution  of  mean  baseflow  CSI  values  Is  shown  In  Figure  16. 


Dilution  YerSUS  Acidification 

A  natural  water's  susceptibility  to  temporary  acidification  Is 
critical  In  biological  stress  for  many  species.  While  chemical 
changes  observed  during  spring  snow-melt  are  often  considerable  (Cadle 
et  al.,  1984;  Jeffries  et  al.,  1979),  some  effects  are  due  simply  to 
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Figure  16.    Baseflow  calcite  saturation   index  distribution,  1982-1984, 


R 
A 
T 
I 

a 


1.2-1 


0.9- 


0.6- 


0.3- 


0.0- 


l — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — r 

NDJFMAMJJASONDJFMAMJJA 
8   8  8   8 

2   3  3   4 

DATE 

Figure  17.  The  relationship  between  HCO3  anc*  Ca  versus  time,  as  an 
indicator  of  dilution.  The  'ratio'  is  HC03/Ca  in  non- 
marine  ueq/1 . 
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dilution  rather  than  acidification  by  strong  acids  (BJarnberg,  1983). 
The  observed  changes  In  stream  and  brook  alkalinity  during  snow-melt 
at  ANP  could  occur  If  flow  increased  by  a  factor  of  three,  due  only  to 
the  addition  of  distilled  water  (zero  alkalinity).  The  Ionic 
strengths  (I)  of  all  sample  types  declined  during  spring  snow-melt, 
indicating  dilution.  However,  dilution  alone  is  not  sufficient  to 
explain  the  spring  alkalinity  depression  In  either  year.  A  dilution 
factor  (DF)  can  be  estimated  from  changes  In  chemical  composition  with 
time.  For  example.  If  ionic  strength  declines  by  25  percent  due  to 
the  addition  of  distilled  water,  then  all  constituents  should  decline 
by  25  percent,  wtth  very  minor  deviations  due  to  changes  in  speclation 
(eg.  carbonates  or  aluminum).  However,  If  alkalinity  declines  Instead 
by  50  percent  while  other  factors  decline  by  25  percent,  then  half  of 
the  alkalinity  loss  must  be  attributable  to  factors  such 
by  strong  acids.  The  approach  is  to  estimate  dilution 
not  present  In  precipitation.  Potassium  Is  the  best, 
Ideal,  choice  because  It  has  the  lowest  seawater  concentration  of  any 
major  Ion,  and  thus  the  lowest  atmospheric  Input.  The  very  low  K 
concentrations  In  natural  fresh  waters  at  ANP  (less  than  10  yeq/l), 
also  reflect  small  amounts  of  weatherable  K  In  rocks  and  soils. 
Changes  In  K  concentrations  (AK),  corrected  for  atmospheric  Inputs, 
yield  DF  up  to  43  percent  (Table  8).  Percentage  estimates  of 
alkalinity  Most1  only  to  titration  can  therefore  be  calculated  as 
[100-DF],  and  range  up  to  76  percent. 


as  titration 
using  an  Ion 
although  not 


Table  8.  An  estimate  of  the  relative  contributions  of  dilution  and  acidif- 
ication toward  declines  In  alkalinity  during  spring  melt.  See 
text  for  further  explanation  of  methods. 


(1)  AK 


(2)  net  loss  (3)  loss  due  (4)  loss  due   (5)  loss 
of  to  to        to 

alkalinity     dilution     'titration' 


'tttratlon* 

yeq/l 

yeq/l 

(A) 

(B) 

Brooks 

1983 

-19$ 

32 

9  (28$) 

72$ 

67$ 

1984 

-20$ 

34 

8  (24$) 

76$ 

83$ 

Lakes 

1983 

-20$ 

33 

10  (30$) 

70$ 

64$ 

1984 

-16$ 

19 

6  (31$) 

69$ 

64$ 

Stream* 

;  1983 

-43$ 

88 

53  (60$) 

40$ 

59$ 

1984 

-36$ 

171 

71   (42$) 

58$ 

73$ 

(1) 

AK$  =  [(fall  K  • 

-  spring  K)/(fa 

II  K)]  x  100 

(2) 

net  loss 

i  =  (fall 

alk  -  spring  a 

Ik) 

(3) 

loss  to 

dilution 

=  C(1)  x  (fall 

alk)] 

(4) 

loss  to 

»tltratl< 

Dn»  =  C(fal 1  alk)-(loss  to  < 

jlluti 

on)] 

(5) 

loss  to 

'tltratl* 

3n',  calculated 

from  alk/Ca 

ratios.  See 

text 
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An  alternative  estimate  of  dilution  effects  can  be  made  from 
seasonal  variation  In  bicarbonate  to  Ca  ratios.  This  ratio  should  be 
a  function  of  the  process  of  alkalinity  production  (largely  HCO3),  and 
thus  should  be  site  specific.  If  the  system  In  question  Is  simply 
diluted  by  distilled  water,  the  absolute  amounts  of  both  alkalinity 
and  Ca  will  decrease,  but  the  ratio  will  remain  essentially  constant. 
Deviations  from  baseflow  norms  should  correspond  to  acidification.  For 
example,  mean  baseflow  alkal In Ity/Ca  ratios  are  approximately  0.6,  0.7 
and  1.0  for  the  brooks,  lakes  and  streams,  respectively.  The  ratios 
were  reduced  by  59  to  83  percent  during  spring-melt,  Indicating  loss 
of  bicarbonate  to  'titration*  (Figure  17).  This  estimate  of 
'titration1  agrees  well  with  our  other  estimate  (Table  8).  The  loss 
of  alkalinity  Is  greatest  In  the  first-order  brooks  (Table  5). 

The  strong  acid  responsible  for  decreases  In  alkalinity  Is  not 
necessarily  sulfuric,  as  one  might  expect.  Sulfate  did  not  change  In 
concentration  during  spring  1983  and  actually  decreased  during  spring 
1984  (Appendix  C).  Conversely,  CI  concentrations  were  constant  In 
spring  1983,  but  Increased  sharply  (a  mean  Increase  of  44  percent)  In 
spring  1984  (Figure  18),  while  not  being  matched  stolchlometrlcal ly  by 
Increases  In  Na.  This  apparent  anomaly  was  observed  again  In 
November,  1984,  during  heavy  rains  which  followed  prolonged  dry 
weather.  We  suggest  that  these  events  represent  an  acidification  by 
HCI,  especially  In  the  first-order  brooks,  as  has  been  reported  In 
coastal  areas  In  western  Norway  (R.  Wright  and  A.  Henrlksen,  pers. 
comm. ).  The  reaction  Is  a  displacement  of  H*  by  Na  on  exchange  sites. 
The  44  percent  Increase  In  CI  corresponds  to  the  projected  58  percent 
loss  of  alkalinity  to  factors  other  than  dilution.  The  pH  and 
alkalinity  depressions  were  greatest  In  1984  (Table  5),  In  spite  of 
decreased  SO4.  Additional  evidence  for  an  acidification  by  HCI  during 
1984  comes  from  measured  Na:CI  ratios.  The  ratio  of  Na  to  CI  expressed 
In  yeq/l  should  be  just  slightly  less  then  1.0  If  all  of  the  Na  and  CI 
come  from  marine  aerosols.  Normally,  the  ratio  Is  slightly  greater 
than  1.0  due  to  weathering  of  Na  from  soils  and  bedrock.  However,  for 
the  mid-March,  1984,  sampling,  19  of  26  samples  had  Na:CI  ratios  less 
than  1.0  after  correction  for  sea  salts  (CI  s  0  after  correction), 
whereas  only  3  percent  of  samples  In  spring  83,  and  4  percent  of  all 
samples  In  the  entire  project  had  similar  Na:CI  ratios.  These  ratios 
Imply  that  another  cation  (hydrogen  Ion?)  Is  associated  with  the  CI.  A 
simplistic  scenario  would  have  H*,  SO4,  Na,  and  CI  accumulate  In  soils 
from  both  wet  precipitation  and  dry  fall  during  summer  and  fall.  In 
certain  soil  types,  SO4  may  be  adsorbed  by  the  soil,  while  H*  (from 
either  precipitation  or  natural  soil  acidity)  displaces  cations  on 
exchange  sites.  As  the  soil  becomes  saturated  with  NaCI-rlch 
percolate  during  spring-melt,  some  H+  are  displaced  by  Na,  and  CI 
becomes  the  mobile  anion.  The  result  Is  an  export  of  HCI,  rather  than 
or  In  addition  to,  the  export  of  sulfuric  acid  that  occurs  when 
sulfate  Is  the  mobile  anion.  The  magnitude  of  this  phenomenon  either 
was  not  as  great  In  1983,  or  It  was  not  detected. 
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Figure  18.  The  relationship  between  pH,  SO4,  and  CI  versus  time  in 
Penobscot  Brook.  CI  and  SO4  data  are  in  ueq/1 . 
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Figure  19.  Mean  compositions  of  precipitation  and  surface  waters 
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Relationship  to  Other  Surveys 

Comparisons  of  modern  water  quality  to  that  of  the  past  generally 
suffer  from  either  a  lack  of  historical  data,  or  from  uncertainties 
Introduced  as  results  from  different  methods  are  compared.  For  ANP 
some  pH  data  exist  from  the  1940's  (Fuller  and  Cooper,  1946),  and  pH 
and  cation  data  exist  from  1978-79  (Norton  et  al.,  1981)  (Table  9). 
There  was  no  dlscernable  change  In  the  pH  of  the  ponds  sampled  by 
Norton  et  al.  (1981)  In  the  Intervening  6  years  and  no  substantial 
change  since  the  1940's,  given  that  the  colorlmetrlc  data  from  the 
1940's  probably  overestimated  pH  (Haines  et  al.,  1983;  Kramer  and 
Tessler,  1982).  For  each  site,  the  pH  range  observed  In  this  study 
brackets  that  reported  by  Norton  et  al.  (1981)  and  Is  often  close  to 
that  reported  by  Fuller  and  Cooper  (1946). 

Although  the  pH  values  are  higher  In  ANP  waters  compared  to  other 
recent  New  England  surveys,  alkallnltles  tend  to  be  lower  (Table  10). 
Sixty-eight  percent  of  the  waters  at  ANP  have  alkalinity  values  less 
than  100  yeq/l.  Indicating  the  sensitivity  of  these  waters  to  acidic 
precipitation,  and  suggesting  that  as  a  group,  they  are  more  sensitive 
than  the  regional  average.  Haines  and  Akellazslek  (1983)  report  that 
70  percent  of  the  New  England  waters  surveyed  have  CSI  values  greater 
than  3.0  (sensitive  to  acidic  precipitation).  Based  on  CSI,  all  of 
the  waters  of  ANP  are  considered  sensitive  (minimum  CSI  =  3.32). 


Surface  Water  Chemistry 


General  Chemical 


Aquatic  chemistry  at  ANP  Is  Influenced  by  factors  Including  marine 
aerosols,  glaclomarlne  sediments,  fire  history,  young,  thin  soils,  and 
very  chemical  I y-res I  stent  bedrock.  The  last  two  factors  result  In  the 
waters  being  sensitive  to  acidification,  whereas  the  former  factors 
may  be  resisting  acidification  effects  by  supplying  alkalinity.  Once 
precipitation  has  been  'processed*  by  the  terrestrial  environment,  the 
net  effect  Is  Increased  pH,  decreased  NO3  concentrations,  and 
Increased  Ca  and  HC03  (Figure  19).  Other  Ions  Increase  due  to 
weathering,  evapotransplratlon,  and  dryfall.  There  Is  a  'trans- 
itional' stage  represented  by  Sargent  Mountain  Pond,  where  only 
partial  neutralization  of  acids  has  occurred.  This  neutralization 
occurs  below  the  bicarbonate  equivalence  point  (Norton  and  Kahl,  1982; 
Stumm  and  Morgan,  1981)  and  results  In  partial  replacement  of  hydrogen 
ton  by  exchangeable  Al  or  soluble  Al  phases  (Johnson  et  al.,  1981). 
The  hydrogen  Ion  concentration  Is  40  yeq/l  In  precipitation,  but  only 
25  In  SMP,  whereas  A I  has  increased  from  0  to  15-20  ueq/l.  Waters  In 
the  remaining  lakes  and  streams  have  essentially  no  A I  or  free 
hydrogen  Ion.  In  sensitive  terrain,  the  first  neutralization  of 
acidic  precipitation  Is  by  dissolution  of  Al  minerals  In  soils 
(Johnson  et  al.,  1981),  and  probably  by  cation  exchange  reactions.  As 
the  pH  Is  raised  by  these  processes  to  a  value  greater  than  the 
bicarbonate  equlvalance  point,  bicarbonate  alkalinity  production 
occurs.  Therefore,  HCO3  and  base  cations  from  weathering  above  the 
equivalence  point  have  replaced  H  and  Al.  This  relationship  Is  shown 
by  the  strong  correlations  between  Ca,  Mg,  and  HCO3  In  this  study 
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Table  9.  Comparative  pH  for  several  Acadia  National  Park  lakes. 
Data  from  Fuller  and  Cooper  (1946)  are  based  on  colorl- 
metrlc  determinations  and  may  not  be  strictly  comparable 
to  the  recent  data. 


Fuller  and    Norton  et       this  study 
Cooper,  1946    al.,  1981    (baseflow  conditions) 


Bubble  Pond 

6.8 

6.40 

6.37  -  6.54 

Eagle  Lake 

6.8 

~ 

6.38  -  6.60 

Echo  Lake 

6.8 

6.79 

6.64  -  6.91 

Jordan  Pond 

6.8 

6.50 

6.49  -  6.74 

Long  Pond 

6.7 

6.50 

6.24  -  6.53 

Seal  Cove  Pond 

6.7 

6.50 

6.45  -  6.58 

Upper  Had  lock  Pd. 

6.7 

6.35 

6.17  -  6.49 

Table  10.  pH  and  alkalinity  distributions  from  synoptic  surveys  of 
water  chemistry  In  New  England.  Data  In  percent. 


pH  distributions      alkalinity  distributions 
n  <  5     5-6    >6     <20    21-100  101-200  >200  peq/l 


226 

8 

21 

71 

23 

18     12 

91 

12 

15 

73 

not  reported 

41 

2 

10 

88 

12 

56     20 

47  Haines  and  Ak- 
ellazslek,  1983 

Norton  et  a I . , 
1981 

7  this  study 
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(Table  11).    If  pH  is  greater  than  5.3,  then  pH  Is  largely  a  function 
of  bicarbonate  (Figure  20). 

There  are  significant  differences  In  the  relationships  between 
chemical  parameters  In  the  lakes,  streams,  and  brooks  (Table  11).  For 
example,  there  are  strong  correlations  between  pH  and  alkalinity,  and 
the  four  major  cations  In  the  brooks  and  streams,  but  this 
relationship  only  exists  between  Ca  and  pH  In  the  lakes.  Silica 
concentrations,  which  should  parallel  major  cation  concentrations  and 
represent  a  measure  of  weathering  rates,  are  correlated  with  pH  and 
alkalinity  In  the  brooks  (Figure  21),  but  not  In  the  lakes  or  streams. 
Uptake  and  sedimentation  of  silica  by  diatoms  confounds  chemical 
relationships  In  lakes  and  perhaps  downstream  In  second-order  streams, 
resulting  In  low  silica  concentrations  (Figure  22). 

Many  waters  at  ANP  are  no  longer  predominantly  bicarbonate 
systems  (Figure  9),  as  similar  waters  tend  to  be  In  geologically 
similar  regions  not  receiving  deposition  of  strong  acids.  However, 
there  Is  no  relationship  between  non-marine  sulfate  and  pH  (Figure  10; 
Table  11),  and  some  waters  have  SO4  concentrations  that  are  below 
those  In  precipitation  (Figure  23).  These  observations  contradict  a 
simple  'titration'  model  of  water  chemistry,  In  which  strong  acid  Is 
added  to  a  lake  causing  alkalinity  to  decrease  and  pH  to  drop.  The 
actual  response  of  watersheds  In  the  processing  of  precipitation  Is 
much  more  complex.  However,  the  ratio  of  SO4  to  the  sum  of  non-marine 
anions  shows  a  strong  relationship  to  alkalinity  (Figure  24), 
Indicating  an  Influence  by  acidic  deposition.  Non-marine  sulfate 
concentrations  are  correlated  with  Ionic  strength  (r2  =  0.95)  In  the 
lakes,  due  to  a  combination  of  degree  of  evapotransplratlon  and 
retention  of  SO4  In  the  watershed.  Sulfate  Is  unrelated  to  other 
parameters,  especially  In  the  brooks  and  streams  (Table  11).  Sulfate 
decreases  In  relative  Importance  downstream  from  precipitation  (Figure 
19).  Chloride  Increases  In  concentration  by  a  factor  of  six  In 
surface  waters  compared  to  precipitation  concentrations,  whereas  SO4 
Increases  by  a  factor  of  three.  Evapotransplratlon  should  concentrate 
both  equally:  therefore  approximately  50  percent  of  the  sulfate  Is 
retained  In  the  system,  presumably  In  soils,  organic  matter,  or  In  the 
sediments. 


Controls  on  Aquatic  Chemistry 


111        iu      axel   lain        111       a    s  111a  1  1     ycuyi  apu  ik,    aioa>       rui      e^amy  i  e,     pn 

ilkallnlty  are  often  correlated  with  elevation  In  synoptic 
;.  At  ANP,  lake  elevation  correlates  with  pH  (r2  =  -0.68), 
Al  (r  =  0.66),  and  CI  (r  ■  -0.42),  but  these  relationships  are 


Broad  physiographic  Influences  on  aquatic  chemistry  are  generally 
difficult  to  ascertain  In  a  small  geographic  area.  For  example,  pH 
and   alkalinity  are  often  correlated  with  elevation 
surveys, 
total   A I 

largely  due  to  SMP,  which  Is  a  chemical  outlier,  and  the  highest 
elevation  site  In  the  study. 

Some  relationships  for  the  streams  and  brooks  are  clear^ 
Alkalinity  during  baseflow  Is  Inversely  related  to  both  elevation  (r2 
■  -0.55;  p  >  0.01)  and  stream  gradient  (r2  =  -0.62;  p  >  0.01).  These 
correlations  are  likely  due  to  high  relative  soil-water  retention 
times  and  the  presence  of  g  I  ado-mar  I  ne  sediments  In  the  watersheds  of 
low  gradient  and/or  low  elevation  flowages.  Similarly,  the  ratio  of 
HCO3  to  SO4  also  decreases  at  higher  elevation  (r2  =  -0.60;  p  >  0.01). 

A  confounding  factor  In  determining  controls  on  chemistry  at  ANP 
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Table  MB.   Relationships  between  sea-salt  corrected  chemical  parameters  during  baseflow  conditions 
(1982-84).   Pearson  Product-Moment  correlation  coefficients,  n  =  239  samples.   Probabilities  are 
very  highly  significant  (p  >  .001)  unless  noted.   Parameters  not  listed  showed  no  significant 
correlations  with  other  parameters.    ns  ■  no  significant  relationship. 

Streams 


1 ab  1 1  e 

Total 

1 

S04 

Al 

Al 

sio2 

Mn 

Zn 

Fe 

Na 

K 

Mg 

Ca 

color 

alk 

pH 

.41* 

ns 

ns 

ns 

ns 

ns 

-.43 

ns 

.46 

.37* 

.45 

.48 

ns 

.55 

alk 

.38 

ns 

ns 

ns 

ns 

ns 

-.44 

ns 

.69 

.61 

.81 

.93 

ns 

color 

ns 

-.42 

ns 

.47 

ns 

.34* 

ns 

ns 

ns 

ns 

ns 

ns 

Ca 

.93 

ns 

ns 

ns 

ns 

ns 

-.45 

ns 

.63 

.67 

.30 

Mg 

.87 

ns 

ns 

ns 

.45 

ns 

ns 

ns 

.68 

.76 

K 

.71 

ns 

ns 

ns 

.53 

ns 

ns 

.48 

.35* 

Na 

.71 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

Fe 

ns 

ns 

ns 

ns 

ns 

.46 

ns 

Zn 

ns 

ns 

ns 

.35* 

ns 

ns 

Mn 

ns 

ns 

ns 

ns 

ns 

SI02 

.38* 

.42* 

ns 

ns 

total 

Al 

ns 

ns 

.74 

labile  Al 

ns 

ns 

S04 

ns 

*(p  >  0.01) 


Table  11C.  Relationships  between  sea-salt  corrected  chemical  parameters  during  baseflow 
conditions  (1982-84).  Pearson  Product-Moment  correlation  coefficients,  n  ■  239  samples. 
Probabilities  are  very  highly  significant  (p  >  .001)  unless  noted.  Parameters  not  listed  showed 
no  significant  correlations  with  other  parameters.    ns  *  no  significant  relationship. 


Brooks 


labile 

total 

1 

SO  4 

Al 

Al 

SI02 

Mn 

Zn 

Fe 

Na 

K 

Mg 

Ca 

color 

alk 

PH 

.63 

ns 

-.81 

-.48 

.49 

ns 

-.54 

ns 

.54 

.36 

.50 

.65 

ns 

.75 

alk 

.90 

ns 

-.71 

ns 

.58 

ns 

-.53 

.44* 

.65 

.39* 

.84 

.88 

.54 

color 

.56 

ns 

ns 

.50 

ns 

.40* 

ns 

.70 

ns 

ns 

.57 

.51 

Ca 

.95 

ns 

ns 

ns 

.61 

ns 

-.43* 

.38* 

.49 

.47 

.81 

Mg 

.91 

ns 

ns 

ns 

.71 

ns 

-.39* 

.40* 

.66 

.63 

K 

.59 

.39* 

ns 

ns 

.56 

ns 

ns 

ns 

.51 

Na 

.68 

ns 

.54* 

ns 

.41* 

ns 

-.49 

ns 

Fe 

.40* 

.50 

ns 

ns 

ns 

.39* 

ns 

Zn 

-.46 

ns 

ns 

ns 

ns 

ns 

Mn 

ns 

ns 

ns 

ns 

ns 

Si02 

.65 

ns 

ns 

ns 

total 

Al    ns 

ns 

.80 

lab  I le  Al   ns 

ns 

SO  4 

ns 

»(p  > 

0.01) 
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Figure  20.   The  relationship  between  alkalinity  and  pH 
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Figure  21.  The  relationship  between  silica  and  pH  in  the  first- 
order  brooks.  Silica  data  are  in  ppm. 
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Figure  22.   Distribution  of  silica  concentrations,  1982-1984. 
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Figure  23.   Distribution  of  sulfate  concentrations   in  ueq/1  ,   1982-1984 
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Figure  24.   The  relationship  between  alkalinity  and  the  ratio 
of  SO4  to  the  sum  of  non-marine  SO4  and  HCO3. 


4.5-1 


5.5- 


P 
H 


6.5- 


7.5- 


P  a  a  BROOKS 
-A  a   a   LAKES 
*   *   *   STREAMS 


n  A**    c*^**   A     **  , 

*    *     unacidified' 


I  1  1  1  1  1  1  1  1  1  )  1  1  1  t  1  1  i  i  1  I  1  1  r  1  1  1  1  1  1  |  1  1  1  1  1  i  1  1  1  1 

0  50  100  150  200 

CA 

Figure  25.   Henriksen's  predictor  graph  of  pH  versus  non- 
marine  Ca   for  ANP  study  sites.    Data   in  yeq/1  . 
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Is  the  abundance  of  beavers.  At  some  sites  such  as  Bear  Brook  Pond, 
Canon  Brook,  and  Kebo  Brook,  flooding  caused  by  beaver  dams  has 
apparently  Increased  terrestrial-water  Interactions,  with  possible 
Increases  In  pH  and  alkalinity.  Conversely,  a  small  beaver 
Impoundment  below  the  outlet  from  Bubble  Pond  has  caused  periodic 
declines  In  stream  pH  of  up  to  0.5  pH  units,  perhaps  due  to  flooding 
of  acidic  organic  soils.  The  Influence  of  this  factor  on  the 
chemistry  of  The  Bowl,  which  has  had  Its  water  level  raised  by  at 
least  one  meter  by  beaver  activity.  Is  unknown. 


Aluminum  Geochemistry 

Numerous  workers  have  noted  the  Importance  of  A I  In  the  geo- 
chemlcal  response  of  soils  and  natural  waters  to  acidic  precip- 
itation (Wright  and  Skoghelm,  1984;  Kramer,  1983;  Johnson  et  al., 
1981;  Cronan,  1980;  Norton,  1976)  and  to  biological  response  as  well 
(Henrlksen  and  Skoghelm,  1984;  Dillon  et  al.,  1984;  Schofleld,  1981; 
Cronan,  1980;  Drlscoll  et  al.,  1980;  Haines  and  Schofleld,  1980).  The 
toxicity  of  non-che I ated  A I  at  low  pH  has  become  Increasingly  apparent 
(Baker  and  Schofleld,  1982;  Drlscoll  et  al.,  1980).  We  measured 
labile  versus  non-labile  forms  of  Al  (Drlscoll,  1980)  In  1984  In  order 
to  help  Interpret  the  Al  data  from  1982  and  1983.  The  1982-83  data 
Indicated  that  total  Al  was  relatively  high  In  some  of  the  high  pH 
waters.  The  spec lat Ion  studies  confirmed  that  much  of  the  total  Al 
was  In  a  non-labile  form  (Figure  12  and  Table  12).  The  ratio  of 
labile  A I  to  total  A I  decreases  as  water  color  Increases  (r2  =  0.60;  p 
>  0.001),  suggesting  that  Al  Is  Increasingly  bound  to  organlcs  as 
organic  carbon  concentrations  Increase.  There  was  also  a  positive 
correlation  between  total  A I  and  Pt-Co  color  In  both  the  first-order 
brooks  (r2  =  0.50)  and  In  the  second-order  streams  (r2  s  0.47;  Table 
11).  This  result  Is  to  be  expected  If  organic  I Igands  are  complexlng 
reactive  Al  species;  thus  we  expect  that  much  of  the  total  dissolved 
A I  Is  complexed  with  organlcs.  However,  the  sites  with  high  pH  and 
high  Al  are  below  the  limit  of  Pleistocene  marine  submergence,  and 
generally  have  glaclomarlne  clays  In  their  catchments,  commonly  In  the 
stream  beds.  This  high  pH-hlgh  Al  relationship  Is  In  contrast  to  the 
typical  situation  when  high  Al  Is  correlated  with  low  pH.  We  suggest 
that  the  presence  of  weatherable  clay  sized  particles,  combined  with 
the  Influence  of  Increasing  Al -organic  complexatlon  downstream, 
results  In  high  total  Al  at  high  pH,  low  elevation  sites.  The 
Influence  of  marine  sediments  In  soils  and  streambeds  Is  corroborated 
by  observations  from  above  and  below  the  marine  transgresslve  limit 
(MTU  In  both  Hunters  Brook  and  Canon  Brook.  At  high  flow,  A I 
concentrations  decrease  downstream.  During  baseflow,  samples  taken 
below  the  MTL  have  higher  A I  concentrations  than  those  taken  the  same 
day  In  the  same  stream  above  the  MTL.  In  the  lakes  and  brooks,  total 
Al  concentrations  are  more  strongly  a  function  of  pH,  controlled  by 
normal  pH-dependent  pedogenlc  processes  with  organic  I Igands 
relatively  less  Important  In  the  very  clear  waters  of  many  of  the 
lakes  and  first-order  brooks.  The  result  ts  the  expected  low  pH-hlgh 
Al  relationship,  especially  for  labile  Al. 
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Inferred  Historical  Water  Chemistry 

Chemical  Models 

In  spite  of  possible  problems  with  colorlmetrlc  methods,  the 
1940*s  pH  data  (Fuller  and  Cooper,  1946)  agree  reasonably  well  with 
the  results  of  this  study,  and  the  data  of  Norton  et  al.  (1981)  (Table 
9).  If  we  accept  the  historical  data  as  valid — a  risky  assumption, 
then  we  would  conclude  that  little  or  no  change  In  pH  has  occurred  In 
these  lakes  In  the  past  40  years.  However,  1)  the  1940' s  data  are  for 
the  larger  lakes  on  the  Island,  which  are  the  least  likely  to  undergo 
dlscernable  chemical  changes,  and  2)  pH,  by  Itself,  Is  a  poor 
Indicator  of  a  lake's  vulnerability. 

In  lieu  of  either  extensive  or  complete  historical  data,  we  can 
apply  predictive  models  based  on  empirical  data  from  other  regions  of 
the  world  to  estimate  the  extent  of  surface  water  acidification.  Such 
an  approach  allows  us  to  reconstruct  historical  conditions  for  any 
water  whenever  modern  chemical  analyses  exist.  Henrlksen  (1979)  has 
proposed  that  a  qualitative  estimate  of  acidification  can  be  made  by 
plotting  pH  against  non-marine  Ca  (Figure  25).  The  line  on  Figure  25, 
which  Is  based  on  empirical  observations,  separates  acidified  (above 
the  line)  from  non-acldlf led  waters.  Henrlksen  (1979)  suggested  that 
this  plot  could  serve  as  an  'acidification  Indicator',  Identlflng 
waters  that  had  lost  alkalinity  and  were  prone  to  further 
acidification.  The  Henrlksen  relationship  as  applied  to  ANP  Indicates 
that  as  a  group,  the  waters  of  ANP  have  not  undergone  any  significant 
acidification.  Most  of  the  points  above  the  line  are  spring  snow-melt 
stream  or  brook  samples. 

Henrlksen  (1984;  1982)  proposed  a  more  specific  model,  derived 
from  empirical  relationships  between  pH,  alkalinity,  and  base  cation 
concentrations.  Wright  (1983)  and  Henrlksen  (1982;  1980)  have  noted 
that  In  ollgotrophlc  waters  not  receiving  acidic  precipitation,  the 
sum  of  non-marine  Ca  and  Mg  (Ca*  +  Mg*)  Is  approximately  equal  to 
alkalinity.  Although  the  rationale  for  the  use  of  (Ca*  +  Mg*)  Instead 
of  the  sum  of  all  non-marine  cations  (as  suggested  by  Kramer  and 
Tessler  (1982))  Is  not  necessarl I y  obvious,  empirical  relationships 
between  alkalinity  and  the  four  major  cations  are  clear:  alkalinity 
concentrations  are  much  more  closely  correlated  with  non-marine  Ca  and 
Mg  than  with  Na  and  K  (Table  13;  Figure  26).  However,  the  geochemlcal 
reasons  for  these  relationships  are  somewhat  unresolved.  Expectations 
from  the  chemistry  of  the  K  and  Na-rlch  granites  at  ANP  (Table  1C)  do 
not  support  the  generation  of  alkalinity  largely  from  the  weathering 
of  only  Ca-  and  Mg-rlch  minerals. 

Henrlksen's  (1982)  empirical  relationship  for  waters  In  regions 
not  receiving  acidic  precipitation  Is: 

Alk  =  [0.93  (Ca*  +  Mg*)  -  14]  (1) 

However,  the  quantity  (Ca*  +  Mg*)  represents  modern  (measured) 
concentrations  which  will  be  higher  than  pre-acldlc  precipitation 
values  If  deposition  of  acids  has  Increased  chemical  weathering. 
Henrlksen  (1984;  1982)  assumes  that  the  quantity  (Ca*  +  Mg*)  has 
Increased;  thus  a  correction  factor  must  be  subtracted  from  modern 
(Ca*  +  Mg*)  to  get  pre-acldlf Icat Ion  (Ca*  +  Mg*). 


44 


250- 


C 
R 
T  150- 

I 
3 
N 
S 

50-3 


-50- 


,    /Mg  J 
'a  V   Na 

*  K 


i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i 


-50 


T  r  «  I  i  r  i  i  r  i  i  r  r  t  t  t  i — i — i — i — i — i — i — r 

50       150      250 
CURRENT  RLKflLINITT 


i  i  i 


350 


Figure  26.  The  relationship  of  non-marine  major  cation  cone- 
centrations  to  alkalinity.   Data  in  ueq/1 . 
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Figure  27.   The  relationship  of  silica  concentrations 
to  the   F  factor  in  the  first-order  brooks. 
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Table  13.  Relationship  of  alkalinity  to  the  non-marine  concentrations 
of  major  cations.  Pearson  product-moment  correlation  coef- 
ficients (from  Table  11).  ns  =  no  significant  correlation; 
all  probabilities  are  p  >  .001  unless  noted  with  *  (p  >  .01) 


type 

Ca 

Mg 

Na 

K 

Brooks 

0.88 

0.84 

0.65 

0.43 

Streams 

0.93 

0.81 

0.69 

0.61 

Lakes 

0.70 

ns 

ns 

ns 

The  following  rationale  leads  to  a  modified  version  of  Henrlksen's 
model  for  calculating  past  chemistry: 

1)  Prior  to  acidic  precipitation,  clear  water  lakes  In 
terrain  such  as  that  In  Norway  and  ANP  were  bicarbonate  lakes. 
Non-marine  sulfate  was  very  low. 

2)  Non-marine  sulfate  In  excess  of  background  Is  due  to 
deposition  of  anthropogenic  sulfate,  which  has  replaced  some  or 
all  of  the  HCO,  In  the  Ion  balance. 

3)  Increases  In  cation  concentrations  are  proportional  to 
Increases  In  sulfate,  the  acid  anion  which  presumably  caused  the 
Increases  In  cation  concentrations. 

4)  Estimates  of  Increases  In  (Ca*  +  Mg*)  range  from  zero  to 
40  percent  (Henrlksen,  1984;  1982),  depending  on  the  evidence  and 
assumptions  used.  Henrlksen  assumes  20  percent  In  his 
calculations  (F  =  0.2).  However,  a  constant  Increase  factor 
Ignores  the  complexities  of  Individual  system  responses  to  acid 
Inputs.  We  suggest  that  the  Increase  factor  will  be  proportional 
to  the  modern  weathering  rate,  for  which  we  use  (Ca*  +  Mg*)  as  a 
surrogate.  For  example  (Ca*  +  Mg*)  Is  approximately  30  yeq/l  In 
Sargent  Mountain  Pond  (SMP),  but  Is  210  ueq/l  In  Stanley  Brook. 
The  level  In  SMP  Is  so  low  that  It  could  not  have  changed 
significantly  through  time.  These  low  concentrations  represent 
very  low  weathering  rates,  due  to  a  combination  of  thin  or 
non-existent  soils,  rapid  sol  I -water  flushing,  a  more  severe 
microclimate,  or  other  factors.  Conversely,  the  relatively  high 
(Ca*  +  Mg*)  In  Stanley  Brook  reflects  higher  weathering  rates, 
and  thus  Indicates  terrain  that  Is  more  susceptible  to  Increases 
In  weathering  than  are  others.  We  assume  an  Increase  factor  (F) 
of  0.2  for  the  mean  (Ca*  +  Mg*)  for  Stanley  Brook,  the  site  with 
the  highest  mean  (Ca*  +  Mg*),  and  an  F  of  0  for  SMP,  the  site 
with  the  lowest  mean  (Ca*  +  Mg*),  and  use  the  resulting  empirical 
equation  for  each  analysis  In  our  data: 

F  =  .0012  (Ca*  +  Mg*)  -  .0454  (2) 

This  relationship  provides  each  analysis  for  each  site  with  its 
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acidic  deposition  due  to  a  buffering  Influence  of  marine 
sediments  at  low  elevation.  Seven  of  the  12  sampling  sites  are 
at  less  than  30  m  elevation  and  six  of  these  have  marine  clays  In 
their  stream  beds,  or  glaclo-marlne  deposits  mapped  as  the 
surf  Ida  I  material.  During  spring  snow-melt,  when  flushing  Is 
rapid,  these  materials  may  be  unable  to  exert  a  significant 
Influence  on  water  flowing  from  upstream  sites. 

6)  An  Independent  estimate  of  spring  snow-melt  dilution 
versus  acidification  can  be  calculated  from  the  differences 
between  predicted  alkallnltles  and  actual  alkallnltles  during 
spring-melt  (Figure  33).  The  difference  between  predicted  and 
actual  alkalinity  should  correspond  to  'titration'  of  HCO3  '*  *ne 
model  Is  correct.  These  estimates  (Table  16)  agree  very  closely 
with  our  previous  estimates  (Table  8).  For  example,  the 
alkallnltles  during  1983  In  the  lakes,  streams,  and  brooks  are 
31,  48,  and  24  percent,  respectively,  of  their  predicted  values. 
These  data  correspond  to  69,  52,  and  76  percent  loss  of 
alkalinity  lost  to  'titration'.  The  analogous  values  from  Table 
8  are  70,  40,  and  72  percent.  These  estimates  also  suggest  that 
acidification  by  titration  was  greater  In  1984  than  in  1983, 
possibly  due  to  HCI,  as  discussed  previously. 


Table  16.  Estimates  of  'titration'  of  bicarbonate  alkalinity 
from  the  Henrlksen's  model  (predicted  a  Ik-measured 
alk  =  alk  lost  to  titration  (AH)  and  from  the  AK 
(dilution)  method  (Table  8).  Data  In  percent. 


Lakes 
1983   1984 

Brooks 
1983   1984 

Streams 
1983   1984 

AK 

70$ 

69$ 

72$ 

76$ 

40$    58$ 

AH 

69$ 

66$ 

76$ 

84$ 

52$    65$ 

alk/Ca 

64$ 

64$ 

67$ 

83$ 

59$    73$ 

7)  There  Is  a  weak  direct  relationship  between  calculated 
loss  of  alkalinity  (Inferred  past  alkalinity  minus  present 
alkalinity)  and  present  day  non-marine  sulfate  (r'a  0.40;  p  > 
.001)  (Figure  34).  This  observation  supports  the  possibility 
that  loss  of  alkalinity  has  occurred  with  concurrent  Increase  In 
SO  4  .  The  relationship  was  strongest  In  the  lakes  (r'  =  0.64;  p  > 
0.001.  The  relationship  between  excess  sulfate  and  calculated 
loss  of  alkalinity  (both  estimated  variables)  seems  to  be 
stronger  (Figure  34)  especially  In  the  streams  (r2  =  0.68;  p  > 
0.001)  and  lakes  (r2  =  0.58;  p  >  0.001). 

Overall,  there  apparently  has  been  some  loss  of  alkalinity  In  ANP 
waters  with  little  change  In  pH  except  In  SMP  and  some  first-order 
brooks.  However,  an  Important  observation  Is  that  the  pH  and 
alkalinity  of  some  waters  seem  to  be  unaffected  by  acidic  deposition. 
These  sites  Include  low  elevation  streams  and  ponds  In  thick  glacial 
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Figure  33.  The  relationship  between  current  alkalinity  (triangles)  to 

predicted  alkalinity  (squares)  on  the  same  dates,  based  on  the 
modified  Henriksen  model. 
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57 


cover,  or  In  marine  sediments,  In  terrain  that  Is  generally  flat.  They 
have  large,  poorly  defined  watersheds,  resulting  In  long  contact  times 
for  soil  and  groundwaters.  We  do  not  believe  that  the  results  for 
these  sites  represent  a  failure  of  the  model.  Many  sites  In  many 
geologic  terrains  will  exhibit  little  or  no  acidification,  even  with 
atmospheric  deposition  similar  to  that  In  eastern  North  America. 
Conversely,  the  few  colored  waters  sampled  In  this  study  tend  to  have 
lower  modern  pH  relative  to  Inferred  past  pH,  although  current 
alkallnltles  are  not  substantially  lower  than  Inferred  past 
alkal Inltles.  Interpretation  of  a  Henrlksen-type  relationship  for  pH 
for  these  waters  will  overestimate  the  Impact  of  acidic  deposition, 
due  to  the  Influence  of  organic  acids,  In  spite  of  reasonable 
relationships  between  modern  and  Inferred  past  alkallnltles. 


Indications  from  Sediment  Chemistry 

The  TIO2  accumulation  rate  plots  for  a  I  I  3  ponds  Indicate  rel- 
atively stable  watershed  conditions  until  70  to  100  years  b.p. 
(Figures  35,  37,  39).  Increased  TIO2  flux  occurs  earliest  In  Long 
Pond  (ca.  1880),  and  later  In  SMP  (ca.  1915)  and  The  Bowl  (ca.  1910). 
These  results  reflect  the  habitation  of  Isle  au  Haut  In  the  1800' s, 
whereas  The  Bowl  and  SMP  were  less  accessible  to  habitations  or 
development.  Logging  In  the  early  1900's,  the  1947  fire,  and  ANP 
trail  development  probably  account  for  more  recent  watershed 
disturbance  Indicated  by  TIO2  flux  In  SMP  and  The  Bowl. 

The  sediment  records  from  all  three  ponds  Indicate  the  beginning 
of  measurable  air  pollution  In  the  form  of  Increased  Pb,  Zn,  and  Cu 
fluxes  by  1870  ±  10  years  (Figures  13  to  15,  and  Figures  36,  38,  40). 
Increases  In  Pb  accumulation  rates  occur  until  the  1960,s  or  early 
1970fs  (Table  7;  Figures  36,  38,  40),  when  declining  Pb  emissions  due 
to  decreased  use  of  leaded  gasoline  (LIndberg  and  Turner,  1983) 
resulted  In  declining  deposition.  Although  the  concentration  plots 
(Figures  13  to  15)  reflect  the  general  deposltlonal  trends,  factors 
such  as  a  dlagenetlc  Iron  crust  at  the  sediment-water  Interface 
(Figures  13  and  14)  may  result  In  an  exaggerated  dec I Ine  In  metal 
concentrations.  Zinc  concentrations  and  accumulation  rates  decline  at 
all  three  sites,  although  this  reflects  the  pH-dependent  chemical 
mobility  of  Zn,  not  declining  emissions.  The  magnitude  and  depth  of 
the  zone  of  Zn  depletion  Is  probably  controlled  largely  by  lake  pH, 
sedimentation  rate,  and  to  a  lesser  extent,  sediment  type.  Declining 
accumulation  rates  for  Zn  began  In  1970,  1961  and  1944  for  Long  Pond, 
SMP,  and  The  Bowl,  respectively.  The  magnitude  and  depth  of  the 
decline  are  small  In  Long  Pond,  consistent  with  known  lake  chemistry 
(pH  6.3-6.4  In  1983).  In  SMP,  Zn  deposition  declines  by  a  factor  of  5 
since  1961.  This  marked  decline  Is  consistent  with  a  low  lake  pH. 
However,  declines  In  Zn  deposition  In  The  Bowl  begin  In  sediment  dated 
at  1944,  and  the  rates  dec  I Ine  by  a  factor  of  3.  These  data  from  The 
Bowl  are  not  consistent  with  modern  lake  pH  (6.33),  or  with  Inferred 
historical  lake  pH  (6.36).  A  speculation  Is  that  the  1947  fire 
altered  Zn  cycling  In  soils  or  altered  the  flora,  which  decreased  the 
Input  Into  sediments.  Some  birch  species  are  known  to  accumulate  Zn 
(Young  and  Carpenter,  1967).  The  abundance  of  birch  at  The  Bowl  may  be 
partly  responsible  for  the  sediment  profile. 

Declining  concentrations  of  Ca  relative  to  other  constituents 
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(especially  T10~  )  have  been  Interpreted  as  an  Indicator  of 
acidification  (Norton  et  al.,1980;  Kahl  and  Norton,  1983).  However, 
this  Interpretation  of  the  declining  concentrations  from  al I  three 
ponds  during  the  past  120-300  years  may  be  misleading.  In  the  Long 
Pond  sediments,  declines  In  deposition  rates  occur  only  In  the  past  20 
years  (Figure  39),  and  may  be  related  to  Inputs  of  leached  detritus. 
The  decline  In  Ca  deposition  began  In  the  late  1800's  In  SMP  (Figure 
35),  consistent  with  a  postulated  gradual  long-term  acidification,  and 
with  modern  lake  chemistry.  The  Ca  deposition  record  from  The  Bowl  Is 
much  less  clear.  Deposition  rates  decline  beginning  In  the  mld-1800?s 
(Figure  37),  but  Increase  In  the  early  1900's.  A  peak  In  deposition 
Is  dated  at  about  1947,  and  may  be  related  to  the  fire.  Since  that 
time,  the  trend  has  been  downward.  The  early  decline  In  Ca  deposition 
suggests  an  early  sensitivity  to  acidification.  Perhaps  natural 
changes  or  the  Influences  of  fires  have  maintained  the  lake  pH  at 
elevated  values. 

The  Henrlksen  model  predicts  a  historical  pH  for  SMP  that  Is  more 
than  one  unit  higher  than  measured  (5.8  vs  4.6).  However,  SMP  had 
little  buffering  capacity  (predicted  alkalinity  of  about  10  yeq/l), 
and  may  have  been  acidified  slowly  over  at  least  the  past  century. 
Alternately,  SMP  may  have  always  been  acidic.  The  vegetation  In  the 
watershed  Is  largely  softwoods  growing  In  thin  hlstosols,  often 
directly  on  bedrock.  Such  soils  are  typically  very  acidic,  with 
little  capacity  to  generate  alkalinity.  Furthermore,  the  pond  Is 
partly  surrounded  by  bog  and  other  acidophilic  vegetation.  A 
comparison  can  be  made  between  SMP  and  a  small  colored  acid  bog  pond 
(Duck  Pond)  on  the  west  side  of  MDI,  representing  the  end  of  the  color 
spectrum  from  Clearwater  lakes.  The  model  predicts  a  pH  of  6.22  for 
this  pond,  which  has  a  pH  of  about  5.0.  We  think  that  this  site 
represents  a  failure  of  the  predictor  model,  due  to  the  presence  of 
organic  acids  and  perhaps  base-cation  uptake  by  sphagnum.  Although 
SMP  Is  not  dystrophic,  the  surrounding  bog  vegetation  Is  comparable  to 
that  of  Duck  Pond.  We  feel  that  while  SMP  has  probably  become  more 
acidic  during  the  past  100  years,  the  pond  had  a  pre-acldlc 
precipitation  pH  less  than  the  5.8  predicted  by  the  model,  and  thus 
the  magnitude  of  acidification  by  acidic  deposition  Is  much  less  than 
Indicated.  Preliminary  examination  of  diatom  populations  In  the 
sediment  core  suggest  that  pH  has  not  changed  significantly  In  SMP 
during  the  approximately  300  years  represented  by  the  core  (M.  Whiting 
and  D.  Anderson,  pers.  comm. ).  An  Intriguing  hypothesis  Is  that 
pre- Industrial  organic  acidity  may  have  been  replaced  recently  by 
strong  acid  acidity,  resulting  In  the  clarification  of  waters  that 
were  formerly  humlc  (Davis  et  al.,  1985). 


CONCLUSIONS 

The  natural  waters  at  Acadia  National  Park  are  all  sensitive  to 
the  effects  of  acidic  precipitation,  due  to  generally  thin  soils  and 
granitic  bedrock.  However,  the  presence  of  scattered  thick  till 
deposits  and  glaclomarlne  sediments  has  lessened  the  vulnerability  for 
many  sites.  Whereas  pH  Is  generally  well  above  6.0,  alkallnltles  are 
low.  Alkalinity  and  pH  measurements,  and  calclte  saturation  Indices 
predict  that  all  sites  are  vulnerable  to  acidification.  This 
vulnerability  Is  manifested  seasonally  during  spring  snow-melt,  when 
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40  to  76  percent  of  alkalinity   Is  lost  to  Input  of  strong  acids, 
rather  than  simply  to  dilution  by  Increased  run-off. 

Indirect  methods  and  Incomplete  historical  data  suggest  that  pH 
has  not  changed  significantly  during  the  past  50  years,  except  perhaps 
In  the  smaller  headwater  first-order  brooks.  Sargent  Mountain  Pond  Is 
currently  acidic,  but  the  site  probably  never  had  significant 
alkalinity,  and  It  may  have  been  acidic  for  more  than  200  years. 
Alkalinity,  for  which  historical  data  do  not  exist,  may  have  decreased 
at  some  sites,  with  greater  decreases  tn  some  lakes  and  In  the 
first-order  brooks,  than  In  the  lower  elevation  second-order  streams. 
If  the  trend  toward  lower  alkallnlties  Is  real.  It  Is  Inferred  to  have 
begun  as  much  as  120  years  ago,  based  on  the  sedimentary  record  of  air 
pollution,  and  on  major  element  sediment  chemistry,  especially  In  SMP. 
However,  we  cannot  predict  whether  the  rate  of  change,  If  any,  has 
been  constant,  making  prediction  of  the  timing  of  possible  future 
trends  Impossible.  There  Is  no  correlation  between  pH  and  modern 
sulfate  concentrations,  although  the  deposition  of  strong  acids  Is 
presumed  to  be  largely  responsible  for  any  changes.  The  relationships 
of  1)  the  su I  fate- fraction  of  total  non-marine  anions  to  alkalinity; 
and  2)  non-marine  sulfate  and  excess  sulfate  to  Inferred  loss  of 
alkalinity,  Indicate  that  addition  of  sulfate  to  surface  waters  has 
resulted  In  loss  of  alkalinity. 

Total  A I  concentrations  are  generally  low  (  <  100  pPb)  In  a 
majority  of  waters  at  ANP.  Sargent  Mountain  Pond,  a  few  streams  below 
the  marine  limit  with  pH  >  6,  and  a  few  first-order  brooks,  have 
higher  Al  concentrations.  Sargent  Mountain  Pond  has  a  mean  pH  of  4.58 
and  A I  concentrations  of  200  to  400  pPb.  The  relatively  high  Al  In 
the  streams  below  the  marine  limit  seems  to  be  related  to  marine 
sediments  tn  the  watersheds.  Aluminum  spec  tat  Ion  studies  demonstrated 
that  much  of  this  Al  Is  non-labile,  probably  bound  as  organlc-AI 
complexes.  At  all  sites  except  SMP,  the  labile  A I  concentrations  are 
well  below  toxic  limits  for  fish.  Sargent  Mountain  Pond  is  flshless, 
but  contains  an  abundance  of  zooplankton,  aquatic  Insects,  and  other 
Invertebrates.  Due  to  Its  small  size  and- location  at  the  top  of  a 
Mountain,  the  pond  may  never  have  had  a  natural  fish  population. 

Given  our  current  understanding  of  geochemlcal  processes, 
deposition  of  strong  acids  cannot  continue  unabated  without 
deterioration  of  aquatic  resources.  However,  the  timing  of  effects 
may  be  on  the  order  of  years,  or  It  may  be  centuries.  Some  soils  at 
ANP  seem  to  have  large  acid  neutralizing  capacity,  whereas  some  sites 
are  more  sensitive.  For  example,  some  of  the  second-order  streams 
have  modern  alkallnlties  equal  to,  or  higher  than,  predicted 
historical  alkallnlties.  The  soils  of  these  lower  elevation  sites  are 
generally  Inceptlsols  that  have  developed  on  thick  overburden  and/or 
In  part  In  marine  sediment  soil  precursors.  However,  higher 
elevation,  steep  gradient  brooks  have  apparently  undergone  some  loss 
of  alkalinity  during  the  past  century,  as  have  some  lakes.  The  soils 
In  these  catchments  are  generally  hlstosols  or  spodosols,  which 
provide  little  acid  neutralizing  capacity,  or  possibly  even  contribute 
to  surface  water  acidity.  These  sites,  especially  the  first-order 
brooks,  are  the  waters  most  vulnerable  to  the  effects  of  acidic 
deposition. 


66 


LITERATURE  CITED 

Appleby,  P.G.,  and  F.  Oldfleld,  1978.  The  calculation  of  lead-210 
dates  assuming  a  constant  rate  of  supply  of  unsupported  Pb-210  to 
the  sediment.  Catena  5:1-8. 

Backman,  A.E.,  1984.  1000  year  record  of  f I  re- vegetation  Interactions 
In  the  northeastern  U.S.  M.S.  thesis,  University  of  Massachu- 
setts. 99  p. 

Baker,  J.,  and  Schofleld,  C.L.,  1982.  Aluminum  toxicity  to  fish  In 
acidic  waters.  Water,  Air,  and  Soil  Pollution  18:289-309. 

BJarnborg,  B.,  1983.  Dilution  and  acidification  effects  during  the 
spring  flood  of  four  Swedish  mountain  brooks.  Hydroblologla 
101:19-26. 

Boms,  H.W.,  Jr.,  1974.  Surf Jclal  geology  of  the  Mount  Desert  Quad- 
rangle. Open  File  No.  74-7,  Maine  Geol.  Survey  map. 

Buckley,  D.E.  and  R.E.  Cranston,  1971.  Atomic  absorption  analysis  of 
18  elements  from  a  single  decomposition  of  alumfno-sl I Icate. 
Chem.  Geol.  7:273-284. 

Butler,  J.N.,  1982.  Carbon  dioxide  equilibria  and  their  application. 
Add  I  son- Wesley,  259  p. 

Cadle,  S.H.,  J.M.  Dasch,  and  N.E.  Grossntckle,  1984.  Retention  and 
release  of  chemical  species  by  northern  Michigan  snow  pack. 
Water,  Air,  and  Soil  Pollution  22:303-319. 

Carl,  J.D.,  A.R.  LIptak,  S.L.  Sovltz,  D.T.  Schmidt,  S.G.  Shay,  U.J. 
Tom,  and  J.T.  Wink,  1984.  Geochemlcal  characteristics  of  gran- 
itoid plutons  In  the  Penobscot  Bay  area,  Ma.fne.  Northeastern 
Geology  6:12-24. 

Chapman,  C.A.,  1970.  The  Geology  of  Acadia  National  Park.  The  Chat- 
ham Press,  Old  Greenwich,  Connecticut.  128  p. 

Charlson,  R.J.,  and  H.  Rodhe,  1982.  Factors  controlling  the  acidity 
of  natural  rain  water.   Nature  295:683-685. 

Cowling,  E.B.,   1982.   Acid  precipitation  In  historical  perspective. 
Environ.  Scl.  Technol.  16:1 10A-123A. 

Cronan,  C.S.,  1980.  Solution  geochemistry  of  a  New  Hampshire  sub- 
alplne  ecosystem:  a  blogeochemlcal  analysis.  Olkos  34:272-281. 

Cronan,  C.S.,  and  C.L.  Schofleld,  1979.  Aluminum  leaching  response  to 
acid  precipitation:  effects  on  high  elevation  watersheds  In  the 
Northeast.  Science  204:304-305. 

Davis,  R.B.,  D.S.  Anderson,  and  F.  Berge,  1985.  Loss  of  organic 
matter,  a  fundamental  process  In  lake  acidification:  paleo- 
I Imnologlcal  evidence.  Nature:  In  press. 


67 


Davis,  R.B.,  C.T.  Hess,  S.A.  Norton,  D.W.  Hanson,  K.D.  Hoagland,  and 
D.S.  Anderson,  1984.  Cs-137  and  Pb-210  dating  of  sediments  from 
soft-water  lakes  In  New  England  (USA)  and  Scandinavia,  a  failure 
of  Cs-137  dating.   Chem.  Geol.  44:151-185. 

Davis,  R.B.,  S.A.  Norton,  D.F.  Brakke,  F.  Berge,  and  C.T.  Hess,  1980. 
Atmospheric  deposition  In  Norway  during  the  last  300  years  as 
recorded  In  SNSF  lake  sediments.  IV.  Synthesis,  and  comparison 
with  New  England.  In,  Proc.  of  the  Int.  Conf.  on  the  Ecol. 
Impact  of  Acid  Precipitation,  SNSF,  Sandefjord,  Norway. 

Davis,  R.B.  and  R.W.  Doyle,  1969.  A  piston  corer  for  upper  sediment 
In  lakes.  Llmnol.  Oceanogr.  14:643-648. 

Dillon,  P.J.,  N.D.  Yan,  H.H.  Harvey,  1984.  Acidic  deposition:  effects 
on  aquatic  ecosystems.  CRC  Critical  Reviews  In  Environmental 
Control,  Vol.  13,  Issue  3,  p.  167-194. 

Dillon,  P.S.,  and  R.D.  Evans,  1982.  Whole  lake  lead  burdens  In  sed- 
iments of  lakes  In  southern  Ontario,  Canada.  In.  Proc.  of  the 
2nd  Symposium  on  Interactions  Between  Sediment  and  Freshwater 
sponsored  by  Socletas  International  is  Llmnologta,  Kingston, 
Ontario.  Stuttgart:  E.  Schwelzerbart'sche  Verlagsbuchhandlung. 

Drlscoll,  C.T.,  J. P.  Baker,J.J.  Bfsognl,  and  C.L.  Schofleld,  1984. 
Aluminum  speclatlon  and  equilibria  In  dilute  acidic  surface 
waters  of  the  Adirondack  region  of  New  York  State.   In,  Geol- 
ogical  Aspects   of   Acidic  Precipitation,  0.  Brlcker  (ed), 
Butterworth  Publishers,  pp.  55-75. 

Drlscoll,  C.T.,  1984.  A  procedure  for  the  fractionation  of  aqueous 
aluminum  In  dilute  acidic  waters.  Intern.  J.  Environ.  Anal. 
Chem.  16:  267-283. 

Drlscoll,  C.T.,  J. P.  Baker,  J.J.  Blsognl,  Jr.,  and  C.L.  Schofleld, 
1980.  Effect  of  aluminum  speclatlon  on  fish  In  dilute  acidified 
waters.   Nature  284:161-164. 

Eakins,  J.D.,  and  R.T.  Morrison,  1978.  A  new  procedure  for  the 
determination  of  Pb-210  In  lake  and  marine  sediments.  Intern. 
Appll.  Rad.  and  Iso.  29:531-536. 

Farmer,  J.G.,  1978.  The  determination  of  sedimentation  rates  In  Lake 
Ontario  using  the  Pb-210  dating  method.  Can.  J.  Earth  Scl. 
15:431-437. 

Fuller,  S.L.  and  G.P.  Cooper,  1946.  A  biological  survey  of  the  lakes 
and  ponds  of  Mount  Desert  Island,  and  the  Union  and  Lower  Pen- 
obscot River  drainage  systems.  Fish  Survey  Report  No.  7.  Maine 
Dept.  of  Inland  Fish,  and  Game,  Augusta,  Me. 

Galloway,  J.N.,  G.E.  Likens,  and  M.E.  Hawley,  1984.  Acid  precipit- 
ation: Natural  versus  anthropogenic  components.  Science 
220:829-831. 


68 


Haines,  T.A.,  J.S.  Kahl,  and  C.H.  Jagoe,  1985.  Long  term  chemical  and 
biological  monitoring  of  Maine  lakes.  USEPA  Report,  38  p. 

Haines,  T.A.,   and  J.S.  Akellazslek,  1983.  A  regional  survey  of  the 

chemistry   of   headwater  lakes  and  streams   In  New  England: 

vulnerability  to  acidification.  Air  Pollution  and  Acid  Rain 
Report  #15,  FWS/OBS-80. 

Haines,  T.A.,  and  C.L.  Schofleld,  1980.  Responses  of  fishes  to  acid- 
ification of  streams  and  lakes  In  eastern  North  America.  In, 
Restoration  of  Lakes  and  Inland  Waters,  Intern.  Symp.  on  Inland 
Waters  and  Lake  Restoration,  EPA  440/5-81-010. 

Harte,  J.,  1983.  An  Investigation  of  acid  precipitation  In  Qlnghal 
Province,  China.  Atmos.  Envlr.  17:403-408. 

Henrlksen,  A.,  1984.  Changes  In  base  cation  concentrations  due  to 
freshwater  acidification.  Verh.  Internet.  Vereln.  Llmnol. 
22:692-698. 

Henrlksen,  A.,  and  O.K.  Skoghelm,  1984.  Episodic  changes  In  pH  and 
Al-speclatlon  kill  fish  In  a  Norwegian  Salmon  River.  Vatten 
40:255-260. 

Henrlksen,  A.,  1982.  Pre-acldlf Icatlon  pH  values  In  Norwegian  rivers 
and  lakes.  Norw.  Int.  for  Water  Res.,  Acid  Rain  Res.  Report 
3/1982.  24  p. 

Henrlksen,  A.,  1980.  Acidification  of  freshwater  -  a  large  scale 
titration.  In,  Ecological  Impact  of  Acid  Precipitation,  D. 
Drablos  and  A.  Tollen  (eds).   SNSF  Report,  p.  68-74. 

Henrlksen,  A.,  1979.  A  simple  approach  for  Identifying  and  measuring 
acidification  of  freshwater.  Nature  278:542-545. 

Hinds,  W.T.,  1983.  The  Incursion  of  acid  deposition  Into  western 
North  America.  Environ.  Conserv.  10:53-58. 

Iskandar,  I.K.  and  D.R.  Keeney,  1974.  Concentration  of  heavy  metals 
In  sediment  cores  from  selected  Wisconsin  Lakes.  Env.  Scl. 
Tech.,  8:  165-169. 

Jeffries,  D.,  C.  Cox,  and  P.  Dillon,  1979.  Depression  of  pH  In  lakes 
and  streams  In  central  Ontario  during  snowmelt.  Journal  of  the 
Fisheries  Research  Board  of  Canada  36:640-646. 

Johnson,  N.M.,  C.T.  Drlscoll,  J.S.  Eaton,  G.E.  Likens,  and  W.H. 

McDowell,  1981.   fAcld  rain',  dissolved  aluminum  and  chemical 

weathering  at   the   Hubbard  Brook  Experimental  Forest,  New 

Hampshire.  Geochlm.  et  Cosmochim.  Acta  45:1421-1437. 

Johnson,  N.M.,  1979.  Acid  rain:  Neutralization  within  Hubbard  Brook 
ecosystem  and  regional  Implications.   Science  204:497-499. 


69 


Kahl,  J.S.,  S.A.  Norton,  and  J.S.  Williams,  1984.  Chronology,  mag- 
nitude and  paleol Imnologlcal  record  of  changing  metal  fluxes 
related  to  atmospheric  deposition  of  acids  and  metals  In  New 
England.  In,  Gen log  leal  Aspects  of  Acid  Deposition.  0.  Bricker 
(ed),  Butterworth,  pp.  23-36. 

Kahl,  J.S.  and  S.A.  Norton,  1983.  Input  and  mobilization  of  metals  In 
acid  stressed  lake  watersheds.  OWRT  report,  A-053-ME,  University 
of  Maine,  Orono,  Maine.  70  p. 

Kahl,  J.S.,  1982.  Present  and  Inferred  historic  atmospheric  dep- 
osition of  heavy  metals  of  two  eastern  Maine  sites.  North- 
eastern Environmental  Science  1:170-175. 

Kramer,  J.R.,  1983.  Aluminum  speclatlon  and  analysis.  Environ. 
Geochem.  Rep.  no.  1983/3,  McMaster  University.  45  p. 

Kramer,  S.,  and  A.  Tessler,  1982.  Acidification  of  aquatic  systems:  A 
critique  of  chemical  approaches.  Environment  Scl.  Tech. 
16:606a-615a. 

Kramer,  J.,  1981.  Calclte  saturation  Index,  alkalinity,  and  alkal- 
inity corrections  to  previous  data.  Environ.  Geochem.  Rep. 
1981/1.  McMaster  Univ.,  Hamilton,  Ontario. 

Likens,  G.E.,  F.H.  Borman,  R.S.  Pierre,  J.S.  Eaton,  and  R.E.  Munn, 
1984.  Long-term  trends  in  precipitation  chemistry  at  Hubbard 
Brook,  New  Hamphslre.  Atmos.  Environ.  18:2641-2647. 

Likens,  G.E.,  F.H.  Borman,  R.S.  Pierce,  J.S.  Eaton,  and  N.M.  Johnson, 
1977.  Blogeochemlstry  of  a  Forested  Ecosystem.  Sprfnger-Verlag, 
New  York,  146  p. 

Llndberg,  S.E.,  and  R.R  Turner,  1983.  Trace  metals  In  rain  at  forested 
sites  In  the  eastern  United  States.  Intern.  Conf.  on  Heavy  Metals 
In  the  Environment,  vol.  1;  Heidelberg.  Sept.,  1983. 

Logan,  R.M.,  J.C.  Darby,  and  L.C.  Duncan,  1982.  Acid  precipitation 
and  lake  susceptibility  In  the  central  Washington  Cascades. 
Environ.  Scl.  Technol.  16:771-775. 

Lowell,  T.V.,  1980.  Late  Wisconsin  Ice  extent  In  Maine:  Evidence  from 
Mount  Desert  Island  and  the  Saint  John  River  area.  M.S.  Thesis, 
University  of  Maine.   179  p. 

MacKereth,  F.J.H.,  1966.  Some  chemical  observations  on  post-glacial 
lake  sediments.  Phil.  Trans.  R.  Soc.  B.  250:165-213. 

Marsh,  A.R.W.,  1978.  Sulphur  and  nitrogen  contributions  to  the 
acidity  of  rain.  Atmos.  Environ.  12:401-406. 

Mayewskl,  P. A.,  G.H.  Denton,  and  T.J.  Hughes,  1981.  Late  Wlscons In 
Ice  sheets  of  North  America,  In,  The  last  Great  Ice  Sheets. 
Denton  and  Hughes  eds.,  Wiley  and  Sons,  Inc.,  484  p. 


70 


McColl,  J.G.,  L.K.  Monete,  and  D.S.  Bush,  1982.  Chemical  charact- 
eristics of  wet  and  dry  atmospheric  fallout  In  Northern  Calif- 
ornia.  Journal  of  Env.  Qual.  11:4:585-590. 

McFee,  W.W.,  J.M.  Kelley,  and  R.H.  Beck,  1976.  Acid  Precipitation 
Effects  on  Soil  pH  and  Base  Saturation  of  Exchange  Sites,  In 
Proc.  of  the  First  Int.  Symp.  on  Acid  Precipitation  and  the 
Forest  Ecosystem,  Dochlnger  and  Sel Iga  eds.  USDA  For.  Ser.  Gen. 
Tech.  Rpt  NE-23,  Washington,  D.C.,  pp.  725-735. 

NADP,   1984,   1983,   1982.   NADP  data  report:  precipitation  chemistry. 
Quaterly  reports  from  Natural  Resource  Ecology  Laboratory,  CSU, 
Fort  Col  I  Ins,  CO. 

Norton,   S.A.,   J.S.  Aklelaszek,  T.A.  Haines,  K.L.  Stromberg,  and  J.R. 
Longcore,   1982.   Bedrock  geologic  control  of  sensitivity  of 
aquatic  ecosystem  In  the  United  States  to  acidic  deposition. 
NADP,  Rpt.  NC-141. 

Norton,  S.A.,  and  J.S.  Kahl,  1982.  Reduction  of  terrestrial  alk- 
alinity production  -  a  major  mechanism  of  surface  water  acidif- 
ication, (abs.)  Symp.  on  Acidic  Precipitation  and  Atmos-  pherlc 
Deposition.  Bel  I  Ingham,  WA.  June,  1982. 

Norton,  S.A.,  R.B.  Davis,  and  D.F.  Brakke,  1981.  Responses  of 
Northern  New  England  Lakes  to  Atmospheric  Input  of  Acids  and 
Metals.  OWRT  Completion  Report  A-048-ME. 

Norton,   S.A.,   J.S.  Williams,  D.W.  Hanson,  and  J.N.  Galloway,  1980. 
Changing  pH  and  metal  levels  In  streams  and  lakes  In  the  eastern 
United  States  caused  by  acidic  precipitation. 

Norton,  S.A.,  R.F.  Dublel,  D.R.  Sassevllle,  and  R.B.  Davis,  1978. 
Paleol Imnologlc  evidence  for  Increased  zinc  loading  In  lakes  of 
New  England,  USA.   Verhand.  Intern.  Vereln.  Limnol.  20:538-545. 

Norton,  S.A.,  1976.  Changes  In  chemical  processes  In  soils  caused  by 
acid  precipitation  JLn  Proceedings  of  the  First  Int.  Stmy.  on  Acid 
Precipitation  and  the  Forest  Ecosystem,  Dochlnger  and  Sel Iga  eds. 
USDA  For.  Ser.  Gen.  Tech.  RPT  NE-23,  Washington,  D.C.,  pp. 
711-724. 

Perkln-Elmer,  1976.  Analytical  methods  for  atomic  absorption  spectro- 
photometry. Norwalk,  CT. 

Perkln-Elmer,  1981.  Analytical  methods  for  furnace  atomic  adsorption 
spectrophotometry.   Norwalk,  CT. 

Poet,  S.E.,  1972.  Lead  210,  Bismuth  210,  and  Polonium  210  In  the 
atmosphere:  Accurate  ratio  measurement  and  application  to  aerosol 
residence  time  determination.  J.  Geophys.  Res.,  77:6515-6527. 

Schnltker,  D.,  1974.  Postglacial  emergence  of  the  Gulf  of  Maine.  GSA 
Bui  I.  85:491-494. 


71 


Schofleld,  C.L.,  1981.  Historical  fisheries  changes  In  the  United 
States  related  to  decreses  In  surface  water  pH.  In,  Proc.  of  an 
Intern..  Symp.  on  Acidic  Preclp.  and  Fishery  Impacts  In  NE  North 
Amer.,  R.  Johnson  (ed.),  p.  57-68. 

Shirahata,  H.,  R.W.  Ellas,  and  C.C.  Patterson,  1980.  Chronological 
variations  In  concentration  and  Isotoplc  composition  of 
anthropogenic  atmospheric  lead  In  sediments  of  a  remote 
sub-alplne  pond.  Geochlm.  et  Cosmochlm.  Acta  44:149-162. 

Stensland,  G.J.,  and  R.G.  Semonln,  1982.  Another  Interpretation  of 
the  pH  trend  In  the  United  States.  Bulletin  of  the  American 
Meteorological  Society,  63:1277-1284. 

Stumm,  W.,  and  J.J.  Morgan,  1981.  Aquatic  Chemistry.  Wiley,  780  p. 

Thompson,  W.B.  and  K.J.  Crossen,  1981.  Preliminary  report  on  glaclo- 
marlne  deltas  and  late  Plelstocene-Holocene  crustal  movement  In 
central  to  southwestern  Maine.  Open  file  no.,  8-49.  Maine  Geo  I. 
Surv.  10  pp. 

TIedemann,  A.R.,  C.E.  Conrad,  J.H.  DIeterlch,  J.W.  Hornbeck,  W.F. 
Megahan,  L.A.  Vlereck,  and  D.D.  Wade,  1979.  Effects  of  fire  on 
water,  U.S.  Dept.  of  Agrlc.  General  Technical  Report  W0-10.  28 
P- 

Turk,  J.T.,  and  N.  E.  Peters,  1977.  Acid-rain  weathering  of  a 
metasedlmentary  rock  basin,  Herkimer  County,  New  York.  USGS  Pub. 
number  77-538,  Albany,  N.Y. 

Wetzel,  R.G.,  1983.  Limnology.  Saunders,  767  p. 

Wlsnfewskl,  J.,  and  E.L.  Keltz,  1983.  Acid  rain  deposition  patterns 
In  the  continental  United  States.  Water,  Air,  and  Soil  Pollution 
19:327-359. 

Wright,  R.F.,  1983.  Predicting  acidification  of  North  American  lakes. 
Norwegian  Institute  for  Water  Research,  Oslo.  Acid  Rain  Res. 
Report  4/1983. 

Wright,  R.F.  and  O.K.  Skoghelm,  1983.  Aluminum  speclatlon  at  the 
Interface  of  an  acid  streem  and  a  limed  lake.  Vatten  39:301-304. 

Young,  H.E.,  and  P.M.  Carpenter,  1967.  Weight,  nutrient  element  and 
productivity  studies  of  seedlings  and  saplings  of  eight  three 
species  In  natural  ecosystems.  Technical  bulletin  28,  Maine 
Agrlc.  Exper.  Station,  University  of  Maine,  Orono,  Maine. 


72 


Appendix  A.  Quality  Assurance 

All  water  and  sediment  analyses  were  performed  In  the  Geological 
Sciences  laboratory  at  the  University  of  Maine  at  Orono,  except  for 
silica  and  during  1982  and  part  of  1983,  when  anions  were  analyzed  on 
a  Dlonex  model  16  Ion  chromatograph  In  the  Department  of  Botany. 
Silica  was  analyzed  on  a  Jarrel-Ash  Inductively  Coupled  Plasma 
Spectrophotometer  In  the  analytical  laboratory  In  the  Department  of 
Plant  and  Soil  Sciences.  Quality  assurance  results  are  listed  In 
Table  1A.  All  procedures  have  been  refined  from  manufacturer's 
methods,  and  are  as  follows: 

pH:  The  pH  of  water  samples  was  measured  with  an  Orion  701 A 
digital  meter  equipped  with  Ross,  liquid-filled  combination  glass 
electrodes,  or  with  a  DIgl-sense  LCD  meter  with  Fisher  gel-filled 
electrodes  (field  pH).  Room  temperature  samples  were  decanted  Into  a 
100  ml  beaker  and  gently  agitated.  Gentle  agitation  and  recording  of 
pH  continued  until  two  readings  spaced  approximately  30  seconds  apart 
were  Identical.  Meters  were  calibrated  with  pH  7.00  and  4.01  NBS 
certified  buffers  before  each  set  of  measurements.  Additionally, 
electrode  performance  In  low  Ionic  strength  water  was  verified  by 
analysis  of  pH  4.0,  4.7  and  5.3  standardized  acids.  The  standardized 
acids  are  prepared  from  appropriate  dilutions  of  0.020  N  titration 
acid. 

Alkal Inltyt  Alkalinity  was  determined  by  Inflection  point 
titration  (Stumm  and  Morgan,  1981)  with  0.0200  N  acid  which  had  been 
standardized  with  potassium  pthlalate.  Typically,  10  to  12  titration 
points  were  determined  between  pH  5.0  and  3.9.  Titrations  were 
re-done  If  the  correlation  coefficient  of  the  I  I  near  portion  of  the 
Gran  plot  was  less  than  0.998.  Typically,  more  than  70  percent  of  our 
correlations  were  1.000. 

Specific  Conductance!  Specific  conductance  was  measured  with  a 
YSI  Sal Inlty-Conductance-Temperature  meter.  The  meter  was  calibrated 
dally  with  standardized  KCI  solution,  and  with  the  Internal  standard. 

Co I  or :  Color  was  determined  by  comparison  of  unflltered  water 
samples  with  chloroplat Inate  color  standard. 

Cations:  Sodium  and  K  were  determined  with  air-acetylene  flame 
atomic  absorption  spectrophotometry  (AAS).  Calcium  and  Mg  were 
determined  by  nitrous  oxide- acetylene  flame  AAS.  Samples  are 
aspirated  directly  Into  the  Instrument.  Aluminum  (total  and 
Ion-exchanged  fractions)  was  determined  by  graphite  furnace  AAS. 
Element  standards  are  prepared  In  our  laboratory  from  ACS  reagent 
grade  chemicals  or  from  atomic  absorption  reference  standards.  The 
Instrument  Is  calibrated  before  analysis  of  each  set  of  samples  for 
each  element.  Standards  are  rechecked  every  10-20  samples  on  flame 
and  every  2  to  6  samples  on  furnace,  and  recal Jbratlon  Is  performed  as 
needed. 

Anions:   Sulfate,   nitrate,   and  chloride  were  measured  by  Ion 
chromatography   (IC),   using  sodium  bicarbonate/carbonate  eluent. 
Standards  are  prepared  from  reagent  grade  chemicals.  The  Instrument 
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# 


Is  calibrated  with  4-7  standards  at  the  start  of  each  run,  and  1-2 
standards  are  run  every  hour  of  machine  time.  At  least  3  EPA 
reference  standards  are  run  each  day. 

The  determination  of  analytical  Ion  balance  (the  ratio  of  [sum  of 
cations/sum  of  anions])  was  used  as  a  measure  of  the  overall  validity 
of  a  water  analysis.  While  the  true  value  of  this  ratio  Is  always 
1.0,  accurate  and  precise  analyses  will  yield  ratios  not  equal  to  1.0 
for  at  least  two  major  reasons.  First,  errors  are  Introduced  by  a 
lack  of  knowledge  of  the  spec  I at  Ion  of  an  element.  For  example,  A I 
will  usually  be  complexed  In  part  by  hydroxide  and  organ les,  and  the 
charge  may  range  from  +3  to  -1.  Second,  organic  anions  are  generally 
not  quantified,  and  are  generally  Ignored.  Their  presence  also  causes 
a  decrease  In  the  slope  of  the  Gran  plot  titration  curve,  resulting  In 
an  unknown  underestimation  of  the  true  alkalinity.  These  factors 
typically  result  In  analyses  that  have  slightly  positive  Ion  balances. 
The  mean  ratio  of  [sum  of  cations:  sum  of  anions]  was  1.05  for  the  536 
samples  reported  here  (Figure  A-1).  We  believe  that  a  major  part  of 
this  bias  was  due  to  the  factors  listed  above,  for  the  following 
rationale:  The  only  chemical  parameters  that  correlated  with  the 
ratio  of  cations  to  anions  were  total  Al  (p  >  .05)  and  water  color  (p 
>  .01).  The  Implication  Is  that  higher  Al  concentrations  or  greater 
color  (high  organic  carbon  concentration)  resulted  In  a  more  positive 
Ion  balance,  due  to  chelation  of  chemical  species,  while  we  report 
those  species  as  though  they  have  monomer Ic  equivalent  charges,  or  due 
to  the  exlstance  of  unmeasured  negative  charge  as  organic  anions. 
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Table  A1.  Analytical  procedures  and  quality  assurance  results, 


Parameter  (Method) 

Precl 

slon 

Mean  Bias 

Water  Samples 

pH  (Meter) 

+ 

3$ 

±  3$ 

Specific  Conductance  (Meter) 

+ 

5$ 

±  10$ 

Alkalinity  (Gran  Titration) 

+ 

5$ 

±  4$ 

Color  (Platinum/ Cobalt  Standard) 

+ 

2% 

±  2% 

Aluminum  (Graphite  Furnace  AAS) 

+ 

8$ 

±  1$ 

Calcium  (Flame  AAS) 

+ 

1$ 

±  1$ 

Magnesium  (Flame  AAS) 

+ 

2% 

±  2% 

Potass  I  urn 

+ 

2% 

±  1$ 

Flame  AAS) 

+ 

1.66 

±  1$ 

Sodium  (Flame  AAS) 

+ 

\$ 

±  1$ 

Silica  (ICP) 

Manganese  (Graphite  Furnace  AAS) 

+ 

6$ 

±  5$ 

Zinc  (Flame  AAS) 

+ 

10$ 

±  10$ 

Chloride  (Ion  Chromatography) 

+ 

3$ 

±  1$ 

Nitrate  (Ion  Chromatography) 

+ 

6$ 

±  3$ 

Sulfate  (Ion  Chromatography) 

+ 

5$ 

±  1$ 

Sediment  Samples 

CaO 

+ 

1 

±  2 

MgO 

+ 

5 

+  1 

K20 
Na90 

+ 

5 

±  4 

+ 

1 

±  4 

FeO  J 

+ 

4 

±  2 

+ 

5 

±  2 

T109 

+ 

4 

±  1 

Pb  Z 

+ 

4 

±  8 

Zn 

+ 

1 

NA 

Cu 

+ 

5 

NA 

D    t  •      2i  SlA   de*  X  00 
Precis  on  ■   ,,  ~*T,   ,  ■ 
Mean  Value 

Bias  =  ^Mean  value)  z   (reference  value!  x  100 

Reference  value 

using  EPA  or  USGS  standards,  or  spike  recoveries. 
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Table  A-l.  The  relationship  of  the  sum  of  anions  to  the 
sum  of  cations. 
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Appendix  B.   Vegetation  types  associated  with  sample  sites 


Site 


Vegetation  Type 


Aunt  Betty  Pond 

Bear  Brook  Pond 
The  Bowl 

Breakneck  Brook 

Bubble  Pond 


Bubble  Brook 


Canon  Brook 

Canon  Brook 
(Route  3) 

Canon  Brook 
(Cadillac) 

Canon  Brook 
(Dorr) 

Canon  Brook 
(West) 

Cromwel I  Brook 


Duck  Brook 


Eagle  Lake 


Eagle  South  Inlet 


Northern  hardwood  with  mixed  conifers  and 
large  white  pine. 

Birch-aspen  forest. 

Blrch-aspen  forest  with  many  bog  and  acld- 
lovlng  plants,  especially  on  the  south  and 
west  side  of  the  pond. 

Blrch-aspen  forest  with  conifers  (pine, 
spruce,  and  cedar),  ferns,  and  grasses  on 
the  bank. 

East  side  predominately  northern  white 
cedar  forest  with  bands  of  blrch-aspen 
forest;  west  side  predomlnantely  red  oak 
forest  with  some  mixed  northern  hardwood 
forest. 

Predominately  mixed  hardwoods  (birch,  beech, 
and  maple)  on  the  west  shore  and  spruce  and 
hemlock  on  the  east  shore  (ANP  vegetation 
maps  list  as  spruce-fir  forest). 


Btrch-aspen  forest  with  red  maple  and  spruce 
near  the  stream. 

Northern  white  cedar  forest  with  moss  on 
rocks  In  the  stream  and  on  the  bank. 

Northern  white  cedar  forest  with  moss  on  the 
bank. 

Northern  white  cedar  forest. 


Sphagnum-sedge  bog  and  a  few  woody  bog 
plants. 

Blrch-aspen  forest  with  white  pine  and 
mixed  hardwoods. 

Predominately  mixed  northern  hardwood 
forest  and  mixed  conifer  forest  with 
areas  of  mixed  hardwood-conifer  forest. 

Mixed  conifer  forest  with  moss  on  the  bank. 
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Eagle  East  Inlet 


Eagle  Inlet 
(North) 


Eag  I  e  I  n  I  et 
(South) 


Echo  Lake 


Northern  hardwood  forest,  predominately 
beech. 

Northern  white  cedar  forest  and  blrch- 
aspen  forest  mixed  with  many  conifer 
species. 

Northern  white  cedar  forest  and  blrch- 
aspen  forest  mixed  with  many  conifer 
species. 

Predominately  blrch-aspen  and  spruce-fir 
forests. 


Had  lock  Pond 
(Lower) 

Had  lock  Pond 
(Upper) 

Had  lock  Brook 


Gl I  more  Brook 


Parkman  Brook 
Penobscot  Brook 


Heath  Brook 
Hodgdon  Pond 

Hunters  Brook 
Jordon  Pond 

Kebo  Brook 
Lake  Wood 


Two-thirds  spruce-fir  forest  and  one-third 
northern  white  cedar  forest. 

Predominately  spruce-fir  forest  with  more 
hardwoods  at  the  northern  end  of  the  pond. 

Mixed  hardwood-conifer  forest;  dense  canopy 
with  moss  ferns,  moss  and  other  shade- 
loving  ground  covers. 

Predominately  spruce  and  hemlock  with  a 
mixture  of  hardwood  species  (ANP  vegetation 
map  list  as  spruce-fir  forest)  and  ferns 
and  moss  along  the  bank. 

Mixed  conifer  forest  with  hardwoods. 

Spruce  and  mixed  hardwood  species  (ANP 
vegetation  maps  list  as  spruce-fir  forest); 
canopy  more  open  than  Gil  more  with  moss 
and  ferns  and  many  acid- loving  species. 

Sphagnum-sedge  bog  Into  blrch-aspen  forest. 

Predominately  spruce-fir  forest,  but 
sphagnum-sedge  bog  habitat  near  sample 
site. 

Spruce-fir  forest  with  moss  on  the  bank. 

Predominately  spruce-fir  or  northern 
hardwood  forests. 

Hemlock  forest  with  blrch-aspen  forest 
upstream  (ANP  vegetation  maps  list  as 
white  pine  forest)  and  moss  on  the  bank. 

Predominately  northern  hardwood  and  blrch- 
aspen  forests. 
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Little  Harbor  Brook 
Little  Long  Pond 

Long  Pond 


•Reservoir1 
(Western  Mtn. 
Brook) 

Round  Pond 


Sargent  Mt.  Pond 
Seal  Cove  Pond 
Stanley  Brook 

The  Tarn 

Witch  Hole  Pond 


Spruce-fir  forest  and  moss  on  the  bank. 

Predominately  hardwoods,  especially  oaks, 
with  spruce-fir  forest  at  the  northern  end 
of  the  pond. 

Predominately  mixed  hardwood-conifer  and 
blrch-aspen  forests  with  some  spruce-fir 
forest. 

Spruce-fir  forest  with  greater  than  average 
hardwoods  In  open  area  near  the  water. 


Predominately  spruce-fir  and  mix  hardwood- 
conifer  forests  with  some  bog  areas. 

Spruce-fir  forest  with  many  bog  and  acld- 
lovlng  plants,  especially  on  the  west  shore. 

Mixture  of  several  conifer  and  hardwood 
forest  types  and  developed  areas. 

Predominately  spruce  and  red  maple  (ANP 
vegetation  maps  list  as  mixed  conifer  and 
red  oak  forests)  with  moss  on  the  bank. 

Blrch-aspen  forest. 

Sphagnum-sedge  bog  surrounded  by  blrch-aspen 
forest. 
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Appendix  C:  Chemical  parameters  for  monitored  sampling  sites  and  the 
monitored  sampling  sites  and  the  major  streams,  from  October,  1982  to 
July,  1984. 

Abbreviations  listed  on  graphics  correspond  to  the  following  sites 
(see  Table  3  and  Figure  3): 


Canon 

Brook: 

Cadi 

1   =  Canon 

Brook-Cad  1 1 1 ac  branch 

Canon  =  Canon 

Brook-Route  3  site 

Dorr   =  Canon 

Brook-Dorr  site 

West   =  Canon 

Brook-west  branch 

Upper 

Had  1 ock 

Pond: 

:   Gllm  -   l 
Park  =  1 
Hadl  =  1 
Pen  =  1 

3 1 1  more  Brook 
Parkman  Brook 
Had  lock  Brook 
Penobscot  Brook 

Eagle 

Lake: 

Bubb! 

le  =  Bubb h 

e  Brook 

East 

=  East 

Inlet 

E(N) 

=  East 

Inlet,  north  branch 

E(S) 

=  East 

Inlet,  south  branch 

South   =  South 

Inlet 

West 

=  West 

Inlet 

Monitored  Lakes: 

Bowl 

The  Bowl 

Bubble   = 

Bubble  Pond 

Eag 1 e    = 

Eagle  Lake  (mean  of  2  sites) 

L.  Hadl  = 

Lower  Had  lock  Pond 

Sarg  M   = 

Sargent  Mountain  Pond 

U.  Hadl  = 

Upper  Had  lock  Pond 

Major 

Streams 

• 
• 

Break    s 

Canon    = 

Crom    = 

Duck     = 

Hadl 

Heath 

Hntn 

Hnts 

Kebo 

Lhbr 

Res     = 

Stan     = 

Breakneck  Brook 

Canon  Brook 

Cromwel 1  Brook 

Duck  Brook 

Had  lock  Brook 

Heath  Brook 

Hunters  Brook  (N  site) 

Hunters  Brook  (S  site) 

Kebo  Brook 

Little  Harbor  Brook 

Western  Mountain  Brook  (Reservoir) 

Stanley  Brook 
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Appendix  C  (cont) 
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Appendix  C    (cont) 
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Appendix  C    (cont) 
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Appendix  C  (cont) 
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Appendix  C  (cont) 


Upper  Hadlock  Pond  System 
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Appendix  C  (cont) 


Upper  Hadlock  Pond  System 
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Appendix  C  (cont) 


Eagle  Lake  System 
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Appendix  C    (cont) 


Eagle   Lake   System 
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Appendix  C  (cont) 
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Appendix  C  (cont) 


Monitored  Lakes 
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Appendix  C  (cont) 


Monitored  Lakes 
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Appendix  C  (cont) 


Monitored  Lakes 
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Appendix  C  (cont) 


Second-order  Streams 
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Appendix  C  (cont) 


Second-order  Streams 
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Appendix  C  (cont) 


Second-order  Streams 
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Appendix  E.  Current  mean  baseflow  pH  and  alkalinity  versus  Inferred  mean 
historical  pH  and  alkalinity,  based  on  the  Henrlksen  model.   See  text. 


Past 

n 

PH 

Past  pH 

Alkal Inlty 

Alkal Inlty 

Aunt  Betty  Pond 

2 

6.64 

6.64 

116.0 

126.2 

Bear  Brook  Pond 

5 

6.68 

6.68 

155.8 

141.0 

Breakneck  Brook 

6 

6.60 

6.70 

211.6 

170.0 

Breakneck  Pond 

2 

6.70 

6.47 

80.2 

73.8 

Bubble  Pond 

6 

6.48 

6.52 

57.9 

86.9 

Bubble  Brook 

5 

6.10 

6.47 

36.1 

74.7 

The  Bowl 

5 

6.33 

6.36 

32.3 

52.7 

Canon  Brook  -  Route  3 

6 

6.31 

6.49 

68.4 

78.5 

Canon  -  West 

5 

5.60 

6.26 

10.8 

39.6 

Canon  -  Dorr 

5 

6.35 

6.56 

92.0 

104.4 

Canon  -  Cad  1 1 1 ac 

5 

5.97 

6.39 

38.1 

58.7 

Cromwel 1  Brook 

6 

6.29 

6.79 

263.0 

228.1 

Duck  Brook 

6 

6.45 

6.53 

67.9 

91.8 

Echo  Lake 

5 

6.73 

6.59 

74.5 

106.2 

Eagle  Lake  -  North 

6 

6.47 

6.47 

40.9 

72.6 

Eagle  Lake  -  South 

6 

6.45 

6.47 

38.7 

73.6 

Eagle  East  Inlet 

5 

5.83 

6.40 

14.8 

60.1 

Eagle  East  Inlet  (N) 

5 

5.39 

6.28 

2.3 

41.0 

Eagle  East  Inlet  (S) 

5 

5.87 

6.42 

14.6 

64.6 

Eagle  West  Inlet 

5 

6.25 

6.68 

140.2 

148.8 

Eagle  South  Inlet 

5 

6.60 

6.71 

142.7 

156.7 

Hodgdon  Pond 

5 

6.11 

6.51 

58.2 

84.8 

U.  Had  lock  Pond 

6 

6.37 

6.47 

40.9 

73.7 

L.  Had  lock  Pond 

6 

6.32 

6.42 

33.8 

63.6 

Had  lock  Brook 

5 

6.23 

6.59 

74.6 

106.5 

G 1 1  more  Brook 

5 

6.68 

6.62 

92.1 

119.5 

Parkman  Brook 

5 

6.43 

6.51 

71.2 

83.0 

Penobscot  Brook 

5 

6.01 

6.46 

23.0 

72.5 

Heath  Brook 

6 

6.55 

6.61 

130.5 

118.0 

Ha  If moon  Pond 

5 

6.03 

6.41 

70.3 

70.0 

Hunter's  Brook  -  North 

6 

6.71 

6.62 

124.1 

124.2 

Hunter's  Brook  -  South 

6 

6.83 

6.66 

156.0 

142.0 

Jordan  Pond  -  North 

5 

6.59 

6.54 

51.4 

90.3 

Jordan  Pond  -  South 

5 

6.57 

6.54 

51.4 

90.5 

Kebo 

6 

6.47 

6.55 

128.9 

104.4 

Lake  Wood 

5 

6.54 

6.45 

73.9 

68.7 

Long  Pond  -  North 

5 

6.37 

6.48 

38.1 

75.6 

Long  Pond  -  South 

5 

6.38 

6.48 

33.6 

76.8 

Little  Harbor  Brook 

6 

6.82 

6.74 

201.8 

180.0 

Little  Long  Pond 

4 

6.68 

6.60 

131.4 

112.5 

Reservo I r 

4 

6.12 

6.62 

59.2 

121.7 

Round  Pond 

5 

6.10 

6.35 

28.8 

51.5 

Seal  Cove  Pond 

5 

6.50 

6.51 

52.4 

83.6 

Sargent  Mtn.  Pond 

6 

4.58 

5.70 

-28.6 

11.8 

Stanley  Brook 

6 

6.95 

6.75 

169.7 

I86.8 

The  Tarn 

5 

6.54 

6.56 

95.4 

99.2 

Wltchhole 

5 

6.33 

6.36 

48.1 

53. 1 
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Appendix  F.  Hydrologlc  data  versus  pH  at  Canon  Brook,  Spring,  1983. 

Flow  measurements  (depth,  velocity)  In  Canon  Brook  (Route  3 
sample  site)  were  taken  periodically  from  November  1982  to  August  1983 
by  M.  Soukup,  N.  Mitchell,  N.  Fletcher,  K.  Jones  or  J.  Anderson. 
Sufficiently  frequent  sampling  was  done  between  February  1,  1983  to 
June  1,  1983,  to  compare  pH  with  flow  (figure  below).  For  some  dates, 
only  depth  data  were  taken.   In  these  Instances,  flow  Is  calculated 
from  the  regression  equation  from  dates  when  both  velocity  and  depth 
were  recorded: 


Q(cms)  »  1.7   (depth)  -  0.16 


0.90 


pH 


PE  73  TLOW  IX  CANON  BBOOE:  SPRING.  1963 


FEB 


MAT 
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Appendix  G.     Tabulation  of  all   data  for  all    sites  and  all    sampling  dates 
All   data  are  in  ueq/1  except  as  noted.     Labile  Al   was  determined  by  the 
ion-exchange  method  of  Driscoll    (1980). 

I   =  JgZC.z^  where  Cj   =  molar  concentration  of  species 

and  z.j   =  charge  of  the  species 

CSI   =  log  K  -  log  Ca  -  log  HC03  "  PH 

where  log  K  =  2.582  -  0.024  T(°C) 

and  Ca  and  HCO3  are  in  moles  per  liter. 
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Appendix  H.   Non-marine  parameters  for  each  site  and  sampling  data. 
Sea  salt  correction  was  calculated  using  a  dilution  factor  relative  to 
seawater  (dllfact)  =  (CI  -  19350;  all   units   In  ppm).  Then  the 
following  parameters  were  adjusted  as  follows:  (sea  water  composition 
from  Stumm  and  Morgan,  1981). 

Ca  =  Ca  -  (dllfact  x  410) 

Mg  =  Mg  -  (dllfact  x  1290) 

K  =  K  -  (dllfact  x  400) 

Na  =  Na  -  (dllfact  x  10770) 

SO.  =  SO.  -  (dllfact  x  2710) 
4     4 

CI  =  CI  -  (dllfact  x  19350) 
HC03  =  HC03  -  (dllfact  x  142) 
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